





ANTIBACTERIAL EFFECT OF SELENIUM, GERMANIUM, AND LITHIUM ON CLINICALLY IMPORTANT BACTERIA GROWING IN PLANKTONIC CULTURE AND BIOFILMS – SOME MEDICAL IMPLICATIONS
                  
                                                      By
Khalid  Marzouq AL Quthami
MSc. Biosciences (Infection and Immunity), Leeds University, UK


Submitted in accordance with the requirements for the degree of Doctor in Philosophy in the Department of Molecular Biology and Biotechnology, University of Sheffield















































The antibacterial effects of lithium, selenium, and germanium were evaluated with respect to growth, biofilm formation, and mutational frequencies (MF), of Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli. 
Selenium showed the highest antimicrobial and bactericidal activities as shown by zone of inhibition assay and scanning electron microscopy imaging (SEM). The SEM images showed that the metals in culture media led to cell disintegration that could have resulted in the leakage of cytoplasmic constituents, and cell dehydration. In biofilms, the combination of metal and antibiotics increased oxidative stress, mutational frequencies(MF), and formation of mutator phenotypes. Adding the antioxidant ascorbic acid reduced the S. aureus biofilm MF, but increased the MF of P. aeruginosa biofilm. Image analysis showed that metal and ascorbic acid cooperated in destroying cell structure pointing to the effectiveness of the antioxidant to prevent the formation of reactive oxygen species, oxidative stress, and bacterial DNA mutation rates. Generally, results showed that the antibacterial effect depended on the combinations of metal, antibiotic and antioxidant different and the bacterial strain being tested. 
Biofilm cultures yielded adherent colony variants that differed in appearance and in the capability of the variants to form hypermutator phenotypes with relatively high MFs. There was perfect sequence alignment of an approximately 500 bases of the P. aeruginosa 16S rDNA fragment of the wild-type and colony variants. In contrast, the 16S rDNA sequence of S. aureus variant showed several mutations, deletions, and insertions, implying the high mutability of S. aureus when exposed to external factors.
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1.1	 Metals and medicine
Selenium, germanium, and lithium are three distinct non-related elements. Lithium and its salts lithium carbonate and lithium citrate are used as antidepressants and bipolar disorder treatment. Selenium is a non-metal in its natural form, but it is available as a semi-metal when complexed with other elements. Long used as a health supplement, the required amount of selenium necessary for health and nutrition is very small, and ranges in the micrograms per day intake. Higher intake of selenium and its compounds results in adverse effects like asphyxiation, respiratory distress, and lung lesions. Selenium toxicity relates to its ability to disrupt zinc finger proteins that are mostly transcriptional regulators, resulting in damage to DNA signalling, repair and transcription; it can also kill some fungi. Several types of selenium-enriched probiotics reduce the number of pathogenic E. coli in vitro and in vivo (Yang et al., 2009). In addition, selenium also enhances some of the biological activities of the compounds against microorganisms (Pietka-Ottlik et al., 2008). Organoselenium coating on cellulose dressings for wounds and other open sites of infection inhibited the establishment of P. aeruginosa and S. aureus biofilms (Tran et al., 2009). 
Germanium is an inert metal that forms organometallic compounds and which has been reported to have antitumor activity and to promote the production of interferon (Shangguan et al., 2005). Organo-germanium compounds have also been shown to have antioxidant-like properties (Yang and Kim 1999), are effective against certain tumours in vitro (Zhang et al., 2009), and have neurotropic, anticoagulant, vasodilating, cardioprotective and radioprotective activities (Lukevics and Ignatovich 2002, Kada et al., 1984). 
Bacterial strains develop antibiotic resistance by increasing their rates of mutation or mutational frequency. The increase in mutation is much higher in bacterial biofilms compared to planktonic cultures. Mutations in bacterial colonies are in part brought about by oxidative stress, which causes mutation or breaks in the DNA strands. Defects in the mismatch repair system tend to increase and perpetuate these mutations. Studies show that the addition of antioxidants to the growth media of bacteria decreases the mutational frequency; which proves that mutation is brought about by oxidative stress (Ciofu et al.,  2005,  Lutsenko et al., 2002).
Claims that selenium, germanium, and lithium have healing effects (Facompre and El-Bayoumy 2009, Asai 1980, Lieb 2007) suggest that the metals could possibly play an important role in reducing the mutational frequency of bacteria exposed to inhibitory concentrations of different antibiotics. To date, no studies appear to have been conducted showing that the presence of heavy metals in the bacterial culture media could possibly enhance the expression and action of antioxidant enzymes on mutational frequency of bacteria. 
1.2	  Heavy metals contamination in the environment
Metals are natural components of parent rock material and their release and accumulation accompanies soil development. Another major source of heavy metal in soils is anthropogenic (i.e. due to human activities). Major sources of metal contamination include mining and smelting, agricultural materials, sewage, burning of fossil fuels, production, utilization and disposal of metals, electronics industry, chemical industry, industrial air pollution, and warfare and military activities (Alloway 1995). Metal contaminants are taken up by invertebrates and plants, and can be ingested by animals and humans where the metals accumulate and produce toxic effects in sensitive organs (Heavy Metal Contamination- Migratory Bird Center, 2010). It is therefore important to understand how different metals influence soil and animal processes. 
Aside from potential toxic effects, metals are also necessary elements in metabolic processes. They serve as metal centres in proteins, and are important in the biological activities of enzymes (Andreini et al., 2008). Metals are also needed as co-factors in regulatory and catalytic enzymatic reactions (Mathews and Van Holde 1996). 
1.3	 Lithium
1.3.1	Mineral sources of lithium
There are several natural sources of elemental lithium. Some lithium can be recovered from spodumene, a mineral that can be found in the igneous rock, pegmatite (Alt and Angel 2000). However, most lithium is sourced from water with high concentration of lithium carbonate (Mineral Information Institute 2010). The recovery of lithium from brines, which are trapped in the earth’s crust, do not cost as much as mining of lithium from rock deposits. Overall, the earth’s lithium resources are estimated at 12 million tons, with approximately 760,000 tons of the lithium  in the United States of America. Although Chile and Argentina are the leading producers of lithium ore materials (Mineral Information Institute 2010), the USA  is the biggest consumer of lithium compounds worldwide. In 2012 alone, USA imported 2700 metric tons of lithium for production of the different lithium-based  products such as batteries, ceramics, glass and pharmaceuticals (US Geological Survey, 2013).
1.3.2	Industrial uses
The use and dispersal of industrial waste materials that have metallic elements in pure or alloyed forms contribute to environmental degradation. Rechargeable batteries, which are used increasingly for electronic gadgets, are becoming major sources of elemental lithium. The shift to electric vehicles that run on lithium-ion batteries could mean the production of more waste with pure lithium (Notter et al., 2010). 




1.3.3	Uses in health and medicine 
Lithium has a long history of safe use as an antidepressant and treatment of bipolar disorder. The medical literature is replete with reports on lithium’s uses, doses and other utilizations in the area of mental health disorders. 
Other reports have also been published on the effect of lithium on enhancing the immune system. Lithium has been shown to increase T-cell proliferation, and interleukin-1 production of peripheral blood monocytes (Kucharz et al., 1988) and in response to the presence of mitogens, lithium stimulates lymphokine and monokine production resulting in T-cell proliferation. 




Selenium is a metal found in natural deposits as ores (US Geological Survey 2004). Selenium compounds are widely used in electronic and photocopier components. Selenium release to the environment is however, primarily from copper smelting industries (US Environmental Protection Agency 2007)

1.4.2	Industrial uses
Industry uses selenium as a black, grey, or red odourless solid to manufacture "electric eyes," photographic exposure meters, rectifiers for home entertainment equipment, xerography, red or black glass, anti-dandruff shampoos, and pigments in plastics, paints, enamels, inks and rubber (US Environmental Protection Agency 2007). It is also used in veterinary medicine and as a fungicide and insecticide (Environmental Writer 2006). Industrial uses include electronics (10%), metallurgical (24%); the glass industry, 25%; pigments, 8%; and finally miscellaneous uses, 19% (US Geological Survey, 2004).
1.4.3	Uses in health and medicine
The main source of selenium intake for humans is through plant foods in which the plants concentrate the selenium found in soil or taken from groundwater used for irrigation. The amount of selenium necessary for health and nutrition is very small, and ranges in the micrograms per day intake (Agency for Toxic Substances and Disease Registry, 1996, US Environmental Protection Agency, 2007). Higher intakes of selenium and its compounds selenium dioxide and hydrogen selenide can cause irritation of the eyes, nose, skin, throat, and bronchial tubes. More adverse effects like asphyxiation, respiratory distress, and lung lesions can result from higher doses (Environmental Writer, 2006). 
The health benefits of selenium are mainly due to its incorporation into selenium-containing proteins as part of the amino acid selenocysteine. Thus far, 25 selenoprotein genes have been isolated in humans and classified as antioxidant enzymes (reviewed in Reeves and Hoffman 2009). These selenoproteins are believed to have essential roles in human health and disease.
Another important role of selenium in the proper amount is as co-factor of glutathione peroxidase and as an inducer of reduction of lipid hydroperoxides and hydrogen peroxide, which are potential oxidants (Takahashi and Cohen 1986). Selenium is also a known anti-cancer element, and a heavy metal-complexing agent (Nadiminty and Gao 2008). However, when ingested in amounts of 5-15 mg per kg body weight, selenium toxicity occurs (US Environmental Protection Agency 2007). Selenium has been found to disrupt zinc finger proteins that are mostly transcriptional regulators, resulting in damage to DNA signalling, repair and transcription (Blessing et al., 2004). Environmental waste sources of selenium are products of the electronic, photoelectric, photocopier, glass, and rubber industries (US Geological Survey, 2004). Selenium is oxidized to its ionic forms by certain bacteria (Pietka-Ottlik 2008, Tran et al., 2009). It can also kill some fungal species, and is used to control dandruff (caused by fungal infection)  (Allen et al., 1982)More studies are however, needed to determine the effect of toxic levels of selenium on the microbial community.
The role of selenium in the prevention of cancer has been reported in many research articles. Most notable is its role in the prevention of prostate cancer, which was the basis for the recommendation of the entry of selenium into clinical trials (Facompre and El-Bayoum,y 2009). Selenium levels in the blood were found to be inversely related to the risk of prostate cancer and mechanisms on the action of selenium on prostate cancer cells have been elucidated (reviewed in Nadiminty and Gao, 2008).
Several types of selenium-enriched probiotics were evaluated for their action against pathogenic E. coli in vitro and in vivo (Yang et al., 2009). Using the cylinder plate method, co-cultures of the probiotics with E. coli significantly reduced the number of bacterial colonies. The in vivo effect was shown with a study on mice fed with the probiotics were inoculated with pathogenic E. coli after 28 days. The group of mice that were given selenium-enriched probiotics had the lowest mortality rates. Moreover, the antioxidant status of the mice improved, while the intestinal tract internal environment was enhanced in mice fed with selenium-enhanced probiotics. 
Pentaatomic heterocyclic compounds have been synthesized and tested for their antiviral, antimicrobial, and cytotoxic activities (Deidda et al., 1997). Compounds that contained selenium were 30-75 times more toxic than those that contained sulphur. In addition, selenium also enhanced some of the biological activities of the compounds against some microorganisms. Selenium had a more inhibitory activity against pathogenic fungi at a much lower concentration than that required for ketoconazole control.
A more recent study reported on the synthesis, chemical properties and biological activities of different N-substituted benzisoselenazol-3(2H)-ones, analogues of ebselen, a selenium derivative which mimics the action of glutathione peroxidise; it is also a strong antioxidant (Pietka –Ottlik et al., 2008). Most of these analogues showed high antiviral activities (e.g. herpes simplex virus 1 and encephalomyocarditis virus) and Gram-positive bacteria (e.g. Staphylococcus aureus). However, their biological effects against E. coli, and P. aeruginosa, and other Gram-negative bacteria were substantially lower. The compounds were also effective against the yeast Candida albicans and filamentous fungal strain of Aspergillus niger (Pietka –Ottlik et al., 2008).





Clemens Winkler, a German chemist, first discovered germanium in 1886. After a meticulous analysis of a silver-rich mineral ore named argyrodite, Winkler correctly concluded that the ore contained a new element similar but distinguishable from antimony which he named “germanium.” 
Despite its rarity, germanium is of great importance because in its elemental and sulphide form, it has a wide range of application in the semi-conductor, optical and telecommunications industries (Haynes 2011). Its organic derivatives have been found to be important for biomedical applications, for pharmaceuticals and nutritional supplements (Rosenberg 2009). The merits of the biomedical applications have yet to be determined, due to possible chronic toxic effects of Ge when given at high doses for extended periods. Currently there is no known use for Ge in the treatment of cancer and infectious diseases (Rosenberg 2009). 
The physical and chemical properties of germanium were determined at the time of its discovery by Winkler. He found that germanium was similar to Eka-silicium that was chemically analyzed by the chemist Mendelejew in 1871. A hundred years later, chemical analysis verified the initial values obtained (Table 1.1) (Hollemann et al., 1995). Silicon and germanium have very similar geochemical properties, although germanium is seldom present in elemental form. Usually germanium is complexed with methyl groups; most organogermanium compounds are found as mono and dimethylgermanium, which are presumably formed by the action of microorganisms (Rosenberg 2009).










Germanium was used during the 1940s as a material for the production of semiconductors and the element later became the choice for semiconductor manufacture due to its low cost and high band gap (Haynes 2011). With the processing of germanium crystals to wafers, germanium is regaining interest as the material for the nanoscale electronic devices and logic circuits for optical function (Depuydt et al., 2006). Germanium crystals are also used in night vision instruments where it is the material used in the lens of infrared optical systems. Germanium is also used in UV and visible spectra fibre optics for the telecommunications industry; it is also widely used as a catalyst in polyester and synthetic textile production (Depuydt et al., 2006).
Studies show that germanium can accumulate in microorganisms and can inhibit bacterial and fungal growth (Slawson et al., 1992), although much remains to be known about the toxic effects of Ge to microorganisms and humans. 

1.5.3	Uses in health and medicine 
Germanium is an inert metal and its function in biological systems is not well known. There are however, several reports on the beneficial health benefits of certain organogermanium compounds. Interest in the positive effects of germanium on overall human health originates from Japan, due to the work of Asai (1980). Reports in the literature suggest that organogermanium possesses antitumor activity and promotes the production of interferon. When taken as a food supplement, Ge-132 was shown to possess immunostimulatory, interferon-enhancing (Lukevics and Ignatovich, 1992) and anti-cancer activities (Shangguan et al., 2005). Anticancer activity was shown when Ge-132 derivatives were shown to intercalate to DNA resulting in altered specificity of the DNA sequence (Shangguan et al., 2005). Ge-132 also showed antioxidant-like properties when mice exposed to paraquat, a widely used herbicide, failed to show liver damage when fed with organogermanium (Yang and Kim, 1999). Ge-132 was shown to increase the activities of superoxide dismutase and catalase, which are both recruited to avert oxidant damage (Yang and Kim, 1999). A recent report showed that five novel organogermanium sesquioxides have differential effectivity against certain tumours under in vitro conditions (Zhang et al., 2009). Other biological activities reported for organogermanium compounds include: neurotropic, anticoagulant, vasodilating, cardioprotective and radioprotective activities (Lukevics and Ignatovich, 2002). Reports relating to the effects of germanium on the activities of microorganisms show that compounds like germanium oxide (GeO2) are potent antimutagens and inhibit frameshift-type reverse mutations of Salmonella typhimurium TA98 and TA1538 that are inducible by 3-amino-1-methyl-5H-pyrido[4,3-b]indole (Trp-P-2) (Kada et al., 1984). This metal antimutagen seems to work independently of the plasmid in Salmonella; the plasmid promotes chemically induced mutagenesis by enhancing error-prone DNA repair. 
Microorganisms exhibit different sensitivities to germanium compounds. Van Dyke and co-workers (1989) showed that germanium oxide could inhibit microbial growth, but several bacterial strains were tolerant of germanium oxide, even when it is present at a concentration of 1000 ppm; however, diatoms and yeast strains were highly inhibited at this concentration. The accumulation of Ge in Pseudomonas stutzeri cells was found to be highly affected by increased pH and temperature of the culture medium (Van Dyke et al., 1990). Treatment of the medium with catechol resulted in increased uptake of Ge, which implied the possibility that a possible Ge-catechol complex was formed, which can then enter the bacterial cell by active uptake mechanisms. It was proposed that Ge accumulation by some bacterial strains could be an energy dependent process (Van Dyke et al., 1989). Some bacterial cultures, when initially exposed to lower concentrations, could tolerate higher concentrations of Ge, which indicates the presence of adaptive mechanisms. This could be the challenge in using Ge to control bacterial mutagenicity. 
1.6	   Antimicrobial activity of metals
In food and medical industries, avoidance of bacterial colonization is the primary objective in cleaning and sanitizing surfaces. In patients where in-dwelling devices are connected, such as in catheters, bacterial biofilms form which can put the patient at risk to secondary and more serious infections (Stamm, 1991,  Stickler and Hughes, 1999). Biofilm formation also results in development of bacterial mutants that are antibiotic resistant, and are more difficult to eradicate with the usual antimicrobials (Qu et al., 2010, Walters et al., 2003, Alegrucci and Sauer, 2008).
Materials with antibacterial properties are currently being used in the health, medical and sanitation industries to prevent problems resulting from bacterial attachment and biofilm formation. Among these materials are antibacterial plastics (Van Heerden et al., 2009), antibacterial ceramics (Vitale-Brovarone et al., 2008), and antibacterial stainless steels alloyed with copper and silver (Okubo et al., 1998). The new generation of antibacterial materials and metals are seen to be friendlier to the environment compared to the traditional antimicrobials paints, polishes, and biocides which tend to release toxic pollutants like lead. 
The antimicrobial activities of the metals under study in this thesis have already been discussed in previous sections 1.3, 1.4, and 1.5 and hence will not be repeated here.


1.7	Bacterial biofilms, mutational frequency, and development of antibiotic resistance 
1.7.1	Bacterial biofilms
A bacterial biofilm is comprised of bacterial cells which are attached to a surface and which are visible to the naked eye (see Costerton et al., 1999). In a biofilm, the bacterial cells produce a polymeric matrix, into which the bacterial community is enclosed, while sticking to an unmoving or living surface. Sessile, or attached and immobile, bacteria make up a major part of the biofilms found in many environments. 
The development of bacterial biofilms follows a common pattern (Figure 1.1, adapted from Montana University Center for Biofilm Engineering). The steps in the development of bacterial biofilms are as follows: (1) planktonic or individual bacterial cells first populate a surface, followed by (2) the production of extracellular polymeric substances, which allow for the attachment of the cells to the surface (Costerton et al., 1999). Bacterial cells are enclosed within the matrix, and at the same time, the biofilm structure grows and expands (steps 3 and 4) (Lawrence et al., 1991). Single cells that separate, or are shed (step 5), from the biofilm can colonize and attach to adjacent surfaces, thereby expanding the coverage of the initial biofilm formed (Davies et al., 1993). The biofilms thus formed develop into organized communities with functional heterogeneity, which can be seen in the number of mutations in genes that are expressed (Chopra et al., 2003). Furthermore, different bacterial species can attach to the same surface and could aggregate with other species to form a multi-species  
























1.7.2	Development of antibiotic resistance in biofilms

Biofilm infections are more difficult to treat with antibiotics compared to those caused by planktonic bacteria (Lewis, 2001, Walters et al., 2003). Biofilm growth is normally slow and symptoms develop slowly and are not readily observed. Despite the release of antigenic substances by sessile bacteria residing in living tissue, the antibodies produced by the body are ineffective in killing the biofilm bacteria (Ramsey and Whitely, 2009). In severe cases of recurrent infection, conventional antibiotics are not effective in killing bacteria in biofilms and it sometimes becomes necessary to employ surgery to remove the bacterial biofilm (Burmølle et al, 2006). 
Ineffective antibiotic treatments of biofilm bacteria relates to the slow growth of biofilm bacteria and the relative increase of the presence of persister cells. Due to competition for nutrients and space limitations within the biofilms bacteria can also experience nutrient starvation; consequently, the bacterial cells enter into a stationary phase where growth is minimal (Stewart and Franklin 2008) and the production of secondary metabolites like pigments and antibiotics is increased (Martin and Liras 1989). Biofilm bacteria also exhibit increased resistance against external factors and antimicrobial agents (Chambless et al., 2006, Costerton et al., 1999). An increase in persister cells also contributes to antibiotic resistance within biofilms. As early as 1944, bacterial “persister” cells were reported which neither grow nor died in the presence of antibiotics (Bigger 1944). Such  persister cells are genetically similar to the biofilm bacteria, but are highly resistant to antibiotics. Such resistance has been attributed to the expression of toxin-antitoxin systems that block antibiotic action on targets (Lewis 2005). A study conducted on the responses of E. coli to ampicillin and ofloxacin, P. aeruginosa to ofloxacin and S. aureus to ciprofloxacin showed that growth stage is a major determinant of the production of persister cells and, as a result, they can be eliminated by maintaining the cultures in early exponential phase (Keren et al., 2004). Persister cells are therefore seen as survivor cells which occur when a population of bacteria is treated with antibiotics or exposed to other adverse conditions (Kussell et al., 2005). It must be emphasized however, that the persister cells are not genetic mutants, but are phenotypic variants that can enter the dormant state when conditions are not favourable (Dawson et al., 2011). 
Another reason for decreased antibiotic susceptibility in biofilms, is the formation of a protective layer of polysaccharides over the biofilm surface. Pseudomonas aeruginosa, a Gram-negative, produces three exopolysaccharides on their biofilms: alginate, PEL, and PSL (Tart and Wozniak, 2008). Alginate is produced by mucoid strains of P. aeruginosa that are often found in the lungs of cystic fibrosis patients. PEL, a glucose-rich polymer is encoded by the pel gene cluster which is expressed in many strains while PSL is a mannose-rich polysaccharide. On the other hand, biofilms of Staphylococcus aureus, which is Gram-positive, produce a polymer of N-acetyl glucosamine (also known as polysaccharide intercellular adhesin or PIA) which is encoded by its ica operon (O’Gara 2007). Although some strains of S. aureus do not carry the ica operon, the ability to form biofilm is not lost via another ica-independent pathway (O’Gara 2007). Alternatives to utilizing the ica operon, S. aureus relies on its ability to produce many adhesin proteins that allow this bacterium to colonize a variety of surfaces (Lasa and Penades 2006).
In addition to the layer of polymeric substances in the biofilm matrix (Cerca et al., 2005), biofilms can also exhibit dense layers of adherent bacterial growth (Qu et al., 2010). These last two factors increase the depth of the biofilm, which decrease the ability of antibiotics to penetrate through and across the biofilm (Costerton et al., 1999, Jefferson et al., 2005). 

1.7.3	Increased antibiotic resistance and mutational frequencies in biofilms 
The most significant reason for increased antibiotic resistance is the ability of bacteria to adapt to adverse conditions and treatment, and to produce compounds that will inactivate stressful elements. Using genomic techniques to sequence the DNA in a 30,000 year old permafrost sample, it was found that antibiotic resistance is a natural phenomenon that exists even without the pressure exerted by modern antibiotics (D’Costa et al., 2011). Resistance genes for β-lactam, glycopeptides and tetracycline antibiotics were identified in the sample. The emergence of modern antibiotics for eradicating bacterial pathogens provided the pressure for the bacterial antibiotic resistance genes to mutate in order to survive antibiotic toxicity. The best examples of the development of mutations resulting in increased antibiotic resistance are provided by extended-spectrum-B-lactamases (ESBLs) genes  (Bradford, 2001, Jacoby and Munoz-Price, 2005). The ESBLs of Gram-negative bacteria are encoded by mutations in genes of broad-spectrum enzymes which are widely distributed in pathogenic bacteria  (Jacoby and Munoz-Price, 2005). With newer and stronger antibiotics providing a strong selection pressure, genes encoding for ESBLs accumulate mutations resulting in a variety of changes on the activity of beta-lactamase enzyme (Gniadkowski 2008). There are more than 300 variants of ESBLs identified, with more being developed  (Jacoby and Munoz-Price, 2005). 
In response to antibiotic agents, bacteria have modified the level of expression of certain genes and have developed changes or mutations in certain bacterial genes. Numerous studies have determined the means by which bacteria are able to deflect antibiotic activity (reviewed in Davies and Davies 2010). Examples of resistance mechanisms to some commonly used antibiotic classes are shown in Table 1.3. Antibiotic targets include the bacterial cell wall, peptidoglycan biosynthesis, translation to proteins, DNA replication, and gene transcription (Davies and Davies, 2010). To counter these effects, bacteria have evolved a large number of mutations and changes in their metabolic pathways and gene expression patterns resulting in modifications (hydrolysis, phosphorylation, monooxygenation, acetylation, and nucleotidylation) of the active compound or reaction site of the antibiotic. In addition, bacteria have altered the configuration, or structure, of the antibiotic targets and reprogrammed their biosynthetic pathways (Davies and Davies, 2010). The most prevalent bacterial pathogens have developed multi-drug resistance, which makes them very difficult to eradicate during epidemics and in hospital-linked (or nosocomial) infections. These responses are due to mutations in the DNA sequences of the bacteria, resulting in altered gene expression. The mutations are stable and are passed on to succeeding generations, resulting in resistant phenotypes (Folkesson et al., 2008).


Table 1.3. Modes of action and the resistance mechanisms employed by bacteria to some selected commonly used antibiotics (Table adapted from Davies and Davies, 2010).
Antibiotic Class	Examples	Target	Mode(s) of resistance
β-Lactams	penicillins, cephalosporin, penems, monobactams 	Peptidoglycan biosynthesis	Hydrolysis, efflux, altered target
Aminoglycosides	gentamicin, streptomycin, spectinomycin	Translation		Phosphorylation, acetylation, nucleotidylation, efflux, altered target
Glycopeptides				vancomycin, teicoplanin	Peptidoglycan biosynthesis	Reprogramming peptidoglycan biosynthesis
Tetracyclines			minocycline, tigecycline	Translation		Monooxygenation, efflux, altered target
Phenicols			chloramphenicol		Translation	Acetylation, efflux, altered target
Quinolones				ciprofloxacin	DNA replication	Acetylation, efflux, altered target
Rifamycins				rifampin	Transcription	ADP-ribosylation, efflux, altered target


1.7.4	Increased oxidative stress and mutational frequencies in biofilms
Aerobically growing cells are continually exposed to different reactive oxygen species (ROS) such as the hydroxyl radical (.OH), hydrogen peroxide, and superoxide anion radicals (O2-)  (Burton and Jauniaux, 2011). Environmental conditions like ultraviolet rays, chemical mutagens, and ionizing radiation can generate O2- and cause oxidative stress (Moulton and Yang, 2012). Cells of host immune systems, when attacked by pathogenic microorganisms, also employ oxidative stress during phagocytosis. During oxidative stress, the free radicals directly attack the lipids and fatty acids on cell membranes, degrading these compounds to a variety of products  (Splettstoesser and Schuff-Werner, 2002).
Mutations in bacterial DNA can also be brought about by oxidative stress that is present in disease conditions. Thus, in cystic fibrosis patients, chronic lung infection with Pseudomonas aeruginosa leads to the production of polymorphonuclear leukocytes (Macia et al., 2005; Ciofu et al., 2005). These leukocytes liberate reactive oxygen species (ROS) in response to the microbial attack. The ROS oxidize the bacterial DNA and attack bases and sugar groups resulting in DNA breaks and cross-linkages with other molecules and hampering replication and gene expression (Shacter et al., 1994, Dizdaroglu 1992, Sies 1993).  
Double strand breaks in the DNA chain can lead to the production of 2’-deoxy-7, 8-dihydro-8-oxoguanosine (also known as 8-hydroxy-deoxyguanosine or 8-OHdG)   which will pair with adenine resulting in transversion mutations that are permanent (Shibutani et al., 1991). This has been shown in significantly higher levels of 8-OHdG in hypermutable P. aeruginosa isolates previously exposed to leukocytes when compared to the reference strain (Ciofu et al., 2005).
Bacteria also have the means to prevent the incorporation of 8-OHdG into the DNA strand, through the action of the bacterial base excision enzyme MutM, and removal of 8-OHdG by MutT (Miller, 1996). Another enzyme, MutY, is responsible for the removal of adenine residues that are incorporated to complement the oxidised guanine (Sampson et al., 2005). Yet another set of repair enzymes are MutL and MutS, which correct the AT and GC mismatches in the DNA strand. Bacteria DNA easily mutate due to biased repair mechanisms, wherein AT and GC mismatches remain uncorrected due to mutations in the genes that encode MutL and MutS enzymes (Oliver et al., 2002).
 Genetic variation in many biofilms has been found to be due to action of bacterial DNA repair systems. The repair of these double-stranded DNA breaks result in mutation and permanent changes in the DNA profile of some cells thereby generating variability and increased antibiotic resistance (Boles and Singh, 2008, Burmølle et al., 2006). Mutations in the genes for MutL and MutS, which correct DNA base mismatches are implicated in the development of hypermutator bacterial phenotypes (Willems et al., 2003). Oxidative stress-induced hypermutable bacterial strains are resistant to antibiotic agents targeting the pathogen and making chronic infections difficult to treat (Ciofu et al., 2005, Prunier et al., 2003). Hypermutator strains are also implicated in the long-term persistence of infections and in the development of multiple drug resistance (Macia et al., 2005). 
1.7.5	Antioxidants as antimutagenic agents
Antioxidants are compounds that reduce the levels of reactive oxygen species (ROS) that produce damage to biomolecules such as lipids, proteins, and DNA (Denisov and Afanasev, 2005). Antioxidants act by upregulating the endogenous antioxidant defences, inhibiting cellular sources of ROS, and reacting with ROS to reduce reactive species (Frei, 1994). Antimutagenic properties of antioxidants have been associated with increase in antibiotic resistance and bacteria mutator phenotypes; antioxidants were found to reduce significantly the mutation frequencies of mutT mutants (Chopra et al., 2003). The antioxidants proanthocyanidins and tannins can also affect swarming motility and surface adhesion of bacteria thereby preventing biofilm formation (O’May and Tufenkji, 2011). 
Non-enzymatic antioxidants react with reactive oxygen species and convert them to less toxic chemical species (Blokhina et al., 2003). Ascorbic acid (vitamin C) and tocopherol (vitamin E) produce ascorbate and tocopherol radicals which are less reactive. In biological systems, ascorbic acid is present as the ascorbate anion which is capable of efficiently scavenging free oxygen radicals (Denisov and Afasanev, 2005). Vitamin C reduces the mutational frequency of oxidatively stressed cells (Lutsenko et al., 2002) and since ascorbic acid is also an active reductant, it can be both an antioxidant and a prooxidant (Denisov and Afanasev 2005). Other known antioxidants are a group of plant secondary metabolites, namely the flavonoids (Pietta, 2000). These are involved in plant pigment production, i.e. for yellow, red and blue colour in petals. A class of flavonoids, the catechins, are polyphenolic compounds present in a wide variety of foods included in the human diet that have been shown to have free radical scavenging activity  (Kadoma ans Fujisawa, 2011). Flavonoids contribute to improved human health by being anti-allergens, anti-inflammatory, anti-cancer and anti-microbial agents (Yamamoto and Gaynor, 2001, Cushnie and Lamb 2011, de Sousa et al., 2007). Flavonoids, notably epigallocatechin and tannic acids are also commonly recognized for their antioxidant activity. Epigallocatechin is one of the major polyphenols in green tea, together with epigallocatechin gallate (EGCg), epicatechin gallate (ECg), epicatechin (EC), and epigallocatechin (EGC). These catechins can eliminate reactive oxygen species by preventing free radical formation (Denisov and Afanasev, 2005).  
1.8 Research objectives





























2.1.1	Factors affecting antibiotic resistance
The rise of antibiotic resistance of clinically important bacteria is a serious concern of government and international health organizations. The ability of bacterial DNA to mutate in response to stress brought about by oxidants, antibiotics and environments contribute to decrease their susceptibility to commonly administered antimicrobial agents (Boles and Singh, 2008,  (Macia et al., 2005). In addition, bacteria can grow and develop multi-strain biofilm communities that are protected by multiple levels of polymeric compounds, and conditions that prevent antimicrobials from penetrating their surface (Burmølle et al., 2006). In addition, increases in oxidative stress within biofilms increase mutational frequencies of bacteria (Boles and Singh, 2008); there is a need therefore to investigate other antibacterial agents that can eradicate and neutralize bacterial action. As well as antibiotics, antioxidants and metals are being investigated for their antibacterial properties (Negi et al., 2011, Yasuyuki et al., 2011). At present, data on the antibacterial properties of many pure metals are not available. Testing the antibacterial properties of metals is an important undertaking in order to generate information that can be used in developing devices for use in medicine.
Selenium is a component of selenoproteins that have been classified as antioxidant enzymes (Reeves and Hoffman, 2009), while selenium itself is used in therapy against prostate cancer  (Facompre and El-Bayoumy, 2009). Germanium compounds in food supplements are believed to stimulate the immune system (Lukevics and Ignatovich, 2002), prevent cancer (Shangguan et al., 2005), and promote the activity of   antioxidant enzymes (Yang and Kim, 1999). Lithium, used to treat depression, also indirectly inactivates microbes by inhibiting prostaglandin E2, a known repressor of the immune response (Lieb, 2007). Because of these reported anti-microbial effects, it is now necessary to measure their direct effect these metals have on the planktonic and biofilm growth of bacteria.

2.1.2	Antibiotic susceptibility testing of bacteria
Antibiotic susceptibility testing or AST was developed as a rapid means of determining the response of bacteria to different antimicrobial agents (Jorgensen and Ferraro, 2009). AST utilizes the disc diffusion method, which is a simple and widely used for sensitivity testing (Bauer et al., 1966, Clinical and Laboratory Standards Institute, 2009). A wide variety of antibiotic discs of varying concentrations is available for the disc diffusion method. This test effectively identifies organisms that are susceptible/resistant to certain antibiotics through visual means. A major limitation of the test is that it can only be effective for planktonic cultures, which differ in response to biofilms in vivo (Jorgensen and Ferraro, 2009).  
Studies have repeatedly established the difficulty in eradicating infectious diseases and chronic diseases due to biofilm bacteria. Testing of antibiotics using tests for planktonic cultures is therefore not reliable, making it necessary to develop a rapid test that will identify antibiotics for use in effectively treating biofilm infections. In the studies reported in this thesis, the antibiotic susceptibility testing performed on planktonic cultures  (Clinical and Laboratory Standards Institute, 2009) was modified by developing colony biofilms on membrane filters over which antibiotic discs are imposed. After a certain period, colony growth was measured by determining the resultant zone of inhibition. 
2.1.3  MIC, MBC and MBEC
Response of planktonic bacteria to metals and antibiotics can be measured by the determination of the minimum inhibitory concentration (MIC) which gives the concentration of the metals/antimicrobials wherein planktonic growth is inhibited, and the minimum bactericidal concentration of MBC, which indicates the lowest antimicrobial concentration that effectively kills the test bacteria. The minimum inhibitory concentration is generally regarded as the most basic measurement done under laboratory conditions to determine the antimicrobial action of a compound (Andrews 2001). When comparing several compounds, a lower MIC indicates better and effective activity against a certain organism. The MIC is also used as a tool in research to determine the activity of new antibiotic agents. The MBC is measured by counting the viable cells after they have been exposed to antibiotics or other microbial agents; MBC measurements are not as routinely used as MICs (Andrews 2001).















2.2	 Materials and methods
2.2.1	Zone of inhibition assay 
The primary antimicrobial activity of the pure metals was determined using the procedure published by Negi and co-workers (Negi et al., 2011). The selected bacteria, S. aureus SH1000, P. aeruginosa PA01, and E. coli were grown in 5 ml test tubes in Mueller-Hinton Broth (MHB). Five hundred microliters of the overnight culture were transferred to a 50-ml flask with MHB, and incubated with shaking at 120 rpm at 37°C. After 4 hours, one ml of the culture was added to 10 ml of luke warm broth, and poured over 90 x 20 mm nutrient agar plates. After the agar has solidified, cylindrical wells with 1 cm diameter were bored into the solidified agar. Different amounts (6.25, 12.5, 25, 50, and 100 mg) of the metal were added into each hole. The diameter of the inhibition zone was then measured (mm) after incubation for 12-16 hours at 37°C degrees. The zone of inhibition (distance, mm) was plotted against amount of metal using the radar graph template of Microsoft Excel (Microsoft 2003).
2.2.2	Quantification of effect of metals on cell viability of three bacterial species 
One ml each of overnight culture of bacterial strains S. aureus SH1000, P. aeruginosa PA01, and E. coli was added to 10 ml of Mueller Hinton nutrient broth in 50-ml Erlenmeyer flasks. Different amounts of 6.25 mg, 12.5 mg, 25 mg, 50 mg, and 100 mg of the pure metal source were then added to the flasks. Concentrations of the metals were 0.625, 1.25, 2.5, 5 and 10 mg per ml of broth. The flasks were incubated with shaking at 37°C for 16 hours. After this period, a sample of the culture was removed from the flask where 50 mg metal was added, and imaged using a scanning electron microscopy. The remaining cultures were serially diluted and plated onto solid nutrient agar plates. Following overnight incubation at 37°C, the bacterial colonies formed were then counted. The cell counts were multiplied by the dilution factor and expressed as colony forming units (CFU) per ml. 
For each bacterial strain and metal amount used, three replicates were used. The data analysis of variance was generated by SAS software (copyright SAS Institute Inc., Cary, NC, USA).  
2.2.3	Rapid biofilm antibiotic sensitivity testing (BAST)
To perform the biofilm AST (BAST), membrane filters or cellulose ester discs of size 0.7 mm diameter were prepared by first sterilizing in an autoclave at 121 °C for 15 minutes. The discs were then cooled and soaked overnight in phosphate buffered saline. After the overnight soaking, the discs were then dipped into overnight bacterial cultures and placed on the surface of the nutrient agar plates. Antibiotic discs with different antibiotic concentrations were then superimposed over the membrane filters and the zone of inhibition of bacterial growth was measured after 48 hours. For preliminary trials, the following antibiotics discs with their respective antibiotic concentration were used for both P. aeruginosa and S. aureus: 30 µg chloramphenicol, 30 µg cefoxitin, 30 µg vancomycin, and 10 µg imipenem. 
Using the same protocol as above, a second antibiotic sensitivity test was conducted; for S. aureus erythromycin (15 μg), ampicillin (10 μg), vancomycin (30 μg), gentamicin (10 μg) and cefotaxime (30 μg) were used. For P. aeruginosa the following antibiotic discs and concentrations were utilized: amikacin (30 μg), ceftazidime (30 μg), ciprofloxacin (5 μg), imipenem (10 μg), and chloramphenicol (30 μg).
2.2.4	Determination of the MIC and MBC of S. aureus, P. aeruginosa, and metals
Minimum inhibitory concentration (MIC) is the lowest amount of antibiotic that will result in the inhibition of bacterial growth in broth or solid media. The minimum bactericidal concentration (MBC) is the minimum amount of antibiotic or metal that will kill 99% of the original inoculum in a given period. Overnight bacterial cultures were prepared by streaking the strains onto Mueller-Hinton Agar (MHA) plates. The plates were then incubated at 37°C for 24 hours, after which time, single colonies were picked and inoculated into tubes containing Mueller-Hinton Broth (MHB). The tubes were then incubated with shaking at 37 °C for 18 hours. The resulting culture was then diluted and used for determining MIC, MBC, and mutation frequencies. In order to determine the mupirocin (MUP) MIC, the starting MUP concentration was 16 µg/ml which was serially diluted with sterile saline to produce the concentrations of 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.0625, and 0.03125 µg/ml. The starting concentration of rifampicin (RIF) and ciprofloxacin (CIP) was 2 µg/ml. Double dilutions were performed obtaining the following concentrations for MIC determination: 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.01563, 0.0078, and 0.0039 µg/ml.
Twenty µl of each antibiotic dilution were pipetted into duplicate wells of a 96-well microtiter plate. Overnight cultures of the bacteria were diluted to 1:100 by adding 90 µl of culture to 9 ml broth. One hundred and eighty microliters of the cultures were added to the wells with the antibiotics. Negative and positive control wells were included in each run. 
The microtiter plates were incubated with shaking at 37°C. After 24 hours, the wells were observed for bacterial growth in the form of cloudiness. The MIC was the lowest antibiotic concentration appearing with clear wells. 
The MIC was also determined on nutrient agar plates. One hundred and eighty microliters of the antibiotic dilutions were plated onto agar plates before the addition of 18 ml of pre-cooled MHA. When the plates cooled and dried, they were inoculated with overnight bacterial cultures. The final dilution of bacterial spot for inoculation was 1:1000. After 24 hours incubation at 37°C, the presence of bacterial colonies was recorded. The MICs of the metals were also determined. The same procedure for antibiotic MIC determination was followed except that instead of mupirocin and rifampicin, serial dilutions of salts of Se, Ge and Li were added to the microtiter plates and the agar plates.
2.2.5	Minimum biofilm eradication concentration (MBEC)
The minimum amounts of the metals selenium, germanium and lithium, and the antioxidant ascorbic acid (AS) that result in the eradication of bacterial biofilms were determined. The sensitivity to antibiotics of planktonic cultures and biofilms of Pseudomonas aeruginosa PA01 and Staphylococcus aureus SH1000 was initially determined using the MBECTM High-Throughput (HTP) Assay (Innovotech, Canada). The assay device comes with a sterile lid with 96-well microtiter plate (collectively called the MBECTM- HTP device). The assay device has a design that is similar to a 96-well microtiter plate and the lid of the plate has 96 pins or pegs arranged in twelve rows of eight. The base of the device has 12 channels where the pins can extend to, and which allows for culture medium to flow through. 
Overnight cultures of Pseudomonas aeruginosa PA01 and Staphylococcus aureus SH1000 were prepared in Mueller Hinton Broth. After incubation at 37°C with shaking, cells were spread over Mueller Hinton Agar (MHA) plates. A second sub-culture was prepared by streaking cells to MHA plates. The second sub-cultures were used to inoculate the MBECTM- HTP device. The second sub-culture was added to MHB. The suspension’s turbidity was adjusted to match the turbidity of a 1.0 McFarland Standard, approximating 3 x 108 colony forming units (cfu) per ml of suspension. This solution was further diluted to 1:30 in 1/10 strength Mueller Hinton Broth. Twenty-two millilitres of the final dilution of the each bacterial strain were added to one MBECTM-HTP plate. The lid was then placed on top of the base. The whole device was placed in a rocker (set at 3-5 rocks per minute) to promote biofilm growth on the pegs of the lid. After 48 hours incubation the pegs on the device have attached biofilms. The lid was removed from the device and immersed for 2 minutes in sterile 96-well plates containing 200 μl 0.9 % saline. This step was performed twice to rinse off loose bacterial cells still adhering to the biofilm. 
Using sterile and flamed pliers, selected pegs were cut off from the lid of the MBECTM assay and immediately immersed in wells of another sterile microtiter plate with 200 μl 0.9% saline. Aliquots of planktonic cultures from the trough of the MBECTM-HTP  device were also placed in assigned wells on the same microtiter plate. The plates were then sonicated on high setting for approximately 30 minutes to disrupt the biofilms. Ten-fold serial dilutions of both biofilm and planktonic cultures then followed. The highest serial dilution was spot plated to nutrient agar plates, incubated, and observed for growth. 
After the biofilms were formed on the pegs, the lid was transferred to another 96-well microtiter plate that contained 200 μl of serial dilutions of the metals. This was the challenge plate. The serial dilutions of the metals were 3.75, 6.25, 12.5, 25, 50 and 100 mg/ml.  After exposure of the biofilms to the metal solutions, the peg lid was removed and washed twice in sterile microtiter plates containing 200 μl 0.9% saline.  The peg lid was then transferred to another 96-well mictrotiter plate, called the recovery plate. Each well of the recovery plate contained 200 μl of the recovery or neutralizing medium.  The neutralizing solution was prepared by mixing 1.0 g L-histidine, 1.0 g L-cysteine, 2.0 g reduced glutathione in a 20 ml solution with double distilled water. The mixture was filter-sterilized by passing it through a syringe with a 0.20 μm filter. The solution was stored at -20°C until use. Just before use, the solution was made up to 1 liter of MHB. This was supplemented with 20.0 g per liter of saponin and 10.0 g per liter of Tween-80. The pH of the final solution was adjusted with NaOH. Five hundred (500) μl of the universal neutralizer was added to each 20 ml of the growth medium used for recovery plates.
The recovery plate was placed on top of a water bath sonicator. The biofilms were disrupted and dislodged from the lid pegs by sonication at high speed for 30 minutes. After sonication the biofilms were dislodged and transferred to the recovery plate. The peg lid was removed and discarded. On the other hand, the recovery plate with the detached biofilms were covered and incubated for 72 hours.
The minimum biofilm eradication concentration (MBEC) values were determined by visually checking for turbidity in the wells of the recovery plate. Clear wells do not have biofilms, providing verification that biofilm eradication was successful. 
2.3	Results and Discussion

2.3.1	Zone of inhibition assay to detect the primary antimicrobial activity of metals

The primary antimicrobial activity of the different metals varied among the different bacterial species tested and increased with increasing metal concentration (Figure 2.2). Among the three metals used, selenium showed the highest inhibitory effect on bacterial growth. Selenium inhibited growth of S. aureus and E. coli when 6.2 milligrams of selenium was added to 10 ml of culture media. Germanium only affected growth of all three bacteria tested at a concentration of 25 milligrams per 10 ml broth. Lithium had the least inhibitory effect on bacterial growth. Lithium had inhibitory effects on P. aeruginosa at 0.62 mg/ml, but not at 1.25 mg/ml. At 5.0 mg/ml, it affected the growth of E. coli while at 10 mg/ml, lithium decreased the growth of both P. aeruginosa, and S. aureus. 
Escherichia coli was the most sensitive bacteria to the action of selenium and lithium, while P. aeruginosa was the least susceptible because it growth was affected only by selenium at the concentration that was twice the concentrations of selenium which inhibited S. aureus and E. coli; lithium inhibited only E. coli. It was also interesting to note that 0.62 mg/ml of lithium inhibited P. aeruginosa growth but not 1.25 mg/ml. Such a result is referred to a “paradoxical effect” (Wainwright 1994) and is generally explainable in relation to the chemistry of a compound, for example different rates of precipitation with other chemicals may occur at differing concentrations, leading to the toxicant becoming more or less available to its target cell or organism (Wainwright 1994).


Figure 2.2.  Zone of inhibition (mm) produced after growing bacteria with metals in agar medium. Values represent the mean of three replicates. Points were fitted using radar graph feature in Excel (Microsoft 2003).


2.3.2	Quantification of effect of metals on the  cell viability of three bacterial species
The cell viability of overnight cultures of the three bacteria decreased with increasing metal concentration in the nutrient broth/culture (Figure 2.3). The number of bacteria which survived exposure to the three metals generally decreased with increased metal concentration. Figure 2.3 shows that viability was mostly decreased in bacteria grown with selenium. It was also interesting to note that adding up to 1.25 mg lithium per ml broth medium increased the cell viabilities of S. aureus and P. aeruginosa over that of the control treatment. However, the cells started to die at 2.5 mg lithium/ml broth, and they were not viable beyond 5 mg lithium/ml broth added to the culture flask. Increasing the amount of germanium beyond 0.625 mg/ml culture also resulted in zero growth. On the other hand, except for P. aeruginosa, selenium inhibited growth even at 0.625 mg/ml. E. coli was generally the most sensitive to the addition of the metals in growth medium, while P. aeruginosa was the least sensitive. 
Table 2.1 shows the values for the percent reduction of bacterial cell viability as affected by metals. At selenium concentration of 0.625 mg /ml broth, the growth of both S. aureus and E. coli was already drastically reduced by 95%. On the other hand, cell viability of P. aeruginosa was reduced gradually from 34% to 98% at selenium concentrations from 0.625 to 2.5 mg/ml, respectively. In the case of germanium, all the bacterial strains showed at least 89% growth reduction at 0.625 mg/ml. Approximately 2% of the bacteria were still viable even at 5 mg /ml germanium, but none survived at 10.0 mg/ml. In contrast, the addition of 0.625 mg and 1.25 mg lithium to the nutrient broth increased the colony forming units by 84.47% and 80% respectively. The reduction was still small (7.63%) at 5 mg/ml. Interestingly, all the cells were killed when lithium concentration was 10 mg/ml, which shows that at this is the lethal concentration for the bacteria. Staphylococcus aureus cells also showed an increase in viability after exposure to 0.625 mg. to 2.5 mg lithium per ml. However, the increase at 0.625 mg/ml and 1.25 mg/ml was less than those observed in P. aeruginosa. At least 3% of the cells were still viable at 5 mg lithium/ml, although all were killed at 10 mg/ml. Escherichia coli, which consistently exhibited the least resistance to the effects of the test metals, showed reduced viability when exposed to germanium. At least 10% of the cells were still viable at 1.25 mg/ml, but the viability was reduced to 2% when the lithium concentration was increased to 2.5 mg/ml. At 5 mg/ml, all cells were killed. However, there was some discrepancy in the data that needs to be investigated because some cells were able to survive at 10 mg lithium/ml. 


















Figure 2.3.  Growth of the different bacteria cultured in nutrient broth supplemented with varying concentrations of 





Table 2.1. Effect of different concentrations of metals on bacteria when grown overnight in metal-supplemented Mueller-Hinton broth. Reduction in cell viability was computed based on the mean values obtained for bacterial growth under varying concentrations of metals as presented in Figure 2.3.

Concentration of metal  (mg/ml)	Reduction in cell viability (%)
	Selenium	Germanium	Lithium











2.3.3	Development of rapid biofilm antibiotic sensitivity test (BAST)
Table 2.2 summarizes the inhibitory action of the different antibiotics on the bacterial planktonic and biofilm cultures of S. aureus SH1000 and P. aeruginosa PA01. For the preliminary trials, only four antibiotics were used; these were selected without regard to specificity of action. The preliminary trial was conducted to determine the protocol for testing biofilm sensitivity to antimicrobial agents and compare this to the sensitivity of planktonic bacteria. 
Initial results showed that planktonic cultures of S. aureus were most sensitive to the four test antibiotics cefoxitin, imipenem, vancomycin, and chloramphenicol. Cefoxitin acts on cell wall synthesis and strongly inhibits beta-lactamase, the enzyme produced by bacteria to break the beta-lactam ring in beta lactam antibiotics (Phillips and Shannon 1993). However, the S. aureus biofilm was not affected by cefoxitin; similarly, both planktonic cells and biofilm of P. aeruginosa were not affected by cefoxitin. The latter confirm results of previous studies that show that most strains of P. aeruginosa are not affected by cefoxitin under in vitro conditions (Drugs.com 2012). As a result, in order to treat P. aeruginosa infections, it is recommended that cefoxitin be combined with aminoglycosides such as tobramycin and amikacin (Une et al., 1981). Imipenem is an intravenously administered β-lactam antibiotic with a broad spectrum of activity. It is known for its action against P. aeruginosa and some species of beta-lactamases (Buckley et al., 1992). All bacteria used here were shown to be inhibited by imipenem. Staphylococcus aureus planktonic cells and biofilms were strongly inhibited compared to P. aeruginosa. Epinemen was more effective on planktonic cultures compared to the biofilms; extended use of imipenem to treat P. aeruginosa may have resulted in  resistant phenotypes.
As expected, vancomycin inhibited the growth of S. aureus, because it is mainly active against Gram-positive bacteria. It was more effective against the planktonic cells; biofilm growth was 50% more than that of the planktonic cells. Growth of P. aeruginosa, which is Gram-negative, was not affected by vancomycin. Chloramphenicol, a broad spectrum antibiotic, was highly effective against both planktonic and biofilm cultures of S. aureus, and against planktonic P. aeruginosa.  It did not however, affect the growth of P. aeruginosa biofilm.
Figure 2.4 shows two representative plates of the rapid biofilm antibiotic sensitivity test for S.aureus. Here, it can be clearly seen that the planktonic cultures were all sensitive to the 4 test antibiotics while biofilm cultures were not as inhibited by same antibiotics. The response of P. aeruginosa  planktonic and biofilm culture can be seen in Figure 2.5.
After the initial trial, tests using strain-specific antibiotics were performed. The protocol used was based on that used in the preliminary trial.  To develop the rapid BAST for ​S. aureus, antibiotic discs of erythromycin, ampicillin, vancomycin, gentamicin and cefotaxime were put on the surface of nutrient agar with of planktonic or biofilm cultures.  The response of planktonic ​S. aureus cultures to the five test antibiotics differed. It was highly inhibited by cefotaxime and ampicillin, while least inhibited by vancomycin as seen in the measured zone of inhibitions (Table 2.3). Compared to planktonic cultures, the biofilms were generally less affected by the antibiotics. Cefotaxime, which was highly inhibitory to planktonic growth, did not produce growth inhibition against the biofilm. The same was observed for vancomycin-treated biofilm. Erythromycin, ampicillin, and gentamicin all inhibited biofilm growth but not as effectively compared to their inhibition of planktonic cultures. Except for gentamicin, growth of biofilms was more than 50% higher in the presence of erythromycin and ampicillin; gentamicin proved to be most inhibitory of the antibiotics to the S. aureus biofilm.
The test antibiotics used for the BAST of P. aeruginosa were on antibiotic discs with the following concentrations: amikacin (30 μg), ceftazidime (30 μg), ciprofloxacin (5 μg), imipenem (10 μg) and chloramphenicol (30 μg). In the planktonic culture, four of the five test antibiotics were able to produce zones of growth inhibition ranging from 20-30 mm (Table 2.4). Chloramphenicol was ineffective, there was no zone of inhibition produced in both planktonic cells and biofilms. Based on the zone of inhibitions produced, the growth of biofilms was 70% more than planktonic growth in response to the addition of  amikacin, ceftazidime, and ciprofloxacin. In the case of imipenem, it was highly effective against planktonic cells but not against the biofilm. This last result was not in agreement with results of the initial tests where imipenem inhibited biofilm growth of P. aeruginosa (Table 2.4).  




Table 2.2. Results of initial experiments showing the zone of inhibition of specific antibiotics on the growth of planktonic and biofilm cultures of S. aureus and P. aeruginosa. Values are the mean of three replicates.
 

Antibiotics	Zone of inhibition (mm±s.d)



















Figure 2.5. Comparison of the results of the antibiotic sensitivity assay for (A) planktonic culture, and (B) biofilm of Pseudomonas aeruginosa PA01. Antibiotic discs: white, chloramphenicol; orange, imipenem; small greyish, cefoxitin; and blue, vancomycin. 


Table 2.3. The zone of inhibition of specific antibiotics on the growth of planktonic and biofilm cultures of S. aureus. Values are the mean of three replicates.










Table 2.4. The zone of inhibition of specific antibiotics on the growth of planktonic and biofilm cultures for P. aeruginosa. Values are the mean of three replicates.












2.3.4	Minimum inhibitory and bactericidal concentration of metals and antibiotics

Minimum inhibitory and bactericidal concentrations were determined for planktonic bacteria exposed to antibiotics. These assays rely upon standard procedures for determining baseline information on antibiotic resistance.




Table 2.5. Minimum inhibitory and bactericidal concentrations of antibiotics and metals for S. aureus and P. aeruginosa.






Selenium	0.0156 mg/ml	3.125 mg/ml	0.1953 mg/ml	6.25 mg/ml
Germanium	0.3125 mg/ml	6.250 mg/ml	0.6250 mg/ml	6.25 mg/ml




2.3.5	Minimum biofilm eradication concentration (MBEC)





Table 2.6. The minimum biofilm eradication concentration of the metals and ascorbic acid for S. aureus and P. aeruginosa biofilms.

Metal/Antioxidant	Minimum biofilm eradication concentration (mg/ml)







2.3.6	Scanning electron microscopy imaging of bacterial planktonic cells grown in culture with heavy metals

Bacteria are protected from the effects of its environment by several mechanisms and structures. Metals, which can be found in the environment or applied as a means to kill pathogenic bacteria could inflict damage to the cellular structure. This damage can be measured by determining the cell viability and bacterial response to certain tests after exposure to the metals. However, these methods only indirectly measure the effect of the compound added to the bacterial culture. Image analysis allows the researcher to view the actual damage to cell or biofilm structure. In this study, planktonic cells were grown in media supplemented with 5 mg/ml of selenium, lithium, and germanium for 16 hours. After this period, the cultures were washed, fixed and then imaged using scanning electron microscopy or SEM. 
Figure 2.6 shows the effect of the metals selenium, germanium, and lithium on S. aureus cultures. The different metals produced several changes in the cell structure of the bacterial cells compared to those grown in metal-free culture (control treatment, Figure 2.6D). S. aureus cells grown with selenium appeared to be damaged and dehydrated, and there are more cell debris (Figure 2.6A) compared to those grown in lithium (Figure 2.6C) and without metal (Figure 2.6D). Metals could have probably damaged the cell membranes and facilitated the leakage of cytoplasmic constituents.   
Bacterial cells exposed to germanium-enriched media appeared to be bigger, but still they were dehydrated. In addition, the cells appeared clumped together (Figure 2.6B). Among the three metals, lithium appeared to have the least effect on cell structure. The coccal cells were intact, and several layers of bacteria were observable (Figure 2.6C). The layers were several cell widths thick. These layers could provide a barrier against the penetration of lithium into the cells. A similar study on metals toxicity (Harrison et al., 2004) showed that metal toxicity or the killing action of metals on bacterial cells and biofilms is a function of time. Hence, extending the metal exposure of bacteria will ultimately lead to killing the bacteria. Thus, bacteria that are growing in a biofilm may not develop resistance to metals immediately (Harrison et al., 2004).  
 The exposure of P. aeruginosa cells to metals also resulted in resulted in disintegration of the bacterial cells (Figure 2.7). In this case, selenium also produced the most damage to the bacteria (Figure 2.7A). Bacterial cells exposed to selenium lost their original rod shapes, probably due to shrinkage and dehydration. Metal can be seen on the image, indicating that selenium was adsorbed or even integrated within the bacterial cells. Germanium toxicity also led to dehydration of the bacterial cells, with disintegration of the bacterial layers. However, some of the cells survived, retaining their original rod shapes. The tolerance of Pseudomonas species to germanium has been observed previously (Van Dyke et al., 1989). 
Comparing the effect of the three metals, selenium was the most effective in eradicating cells, followed by germanium and lithium. In the image showing the effect of lithium, whole cells are still prevalent, although there were clumps of cells visible (Figure 2.7).  
In the presence of selenium, E. coli cells were damaged, dehydrated, and lost their original rod shape (Figure 2.8A). The presence of clumps indicated cellular debris from dead cells. Germanium affected cell number, although the cell shapes and sizes were retained (Figure 2.8B). Cells exposed to lithium still resembled cells in the control treatment (Figure 2.8D); however, the cells were smaller, indicating reduction in sizes. Cell disintegration and cell clumps were also evident (Figure 2.8C). Several layers are observable, indicating once more that lithium cannot effectively penetrate the cells.






Figure 2.6. The bacterial growth of S. aureus after 16 hours in media supplemented with 5 mg/ml of (A) selenium, (B) germanium, (C) lithium, and pure culture without metal (D). Effective concentration of the metal is 5 mg/ml media.


Figure 2.7. The bacterial growth of P. aeruginosa planktonic cells after 16 hours in media supplemented with 5 mg/ml of (A) selenium, (B) germanium, (C) lithium, and pure culture in medium without metal (D). 




















Antibiotic targets include the bacterial cell wall, peptidoglycan biosynthesis, translation to proteins, DNA replication, and gene transcription (Davies and Davies 2010). In order to counter the effects of antibiotics, bacteria have evolved a large number of mutations in their DNA sequence, and changes in their metabolic pathways and gene expression patterns resulting in modifications of the active compound or reaction site of the antibiotic. In addition, bacteria can also alter the configuration or structure of the antibiotic targets and reprogram their biosynthetic pathways (Davies and Davies 2010). Some medically important bacteria develop multi-drug resistance, making them extremely difficult to treat especially during epidemic and nosocomial out brakes. The mutations in bacterial DNA are stable and passed on to the next generations so as to form resistant phenotypes (Folkesson et al., 2008).
Oxidative stress results in the production of reactive oxygen species. Bacteria are exposed to oxidative stress emanating from the environment and from the action of elements of the host immune system. Mutations are also exacerbated during times of infection and in biofilms. Reactive oxygen species produced by host immune system attack the bases, and the sugar groups resulting in DNA breaks and cross-linkages with other molecules and hampering replication and gene expression (Shacter et al., 1994, Dizdarogllu, 1992, Sies, 1993).  
Oxidative stress in biofilms can also be caused by the endogenous production of hydrogen peroxide. Variants in biofilms of Streptococcus pneumonia have been attributed to hydrogen peroxide production by the bacterial strains inhabiting biofilms (Allegrucci and Sauer, 2008). The proof for this was shown when a strain defective in hydrogen peroxide production was used for biofilm culture, which resulted in variant reduction. Adding catalase or sodium thiosulphate, which have antioxidant activity, to the growth media also resulted in a decrease in variant formation (Allegrucci and Sauer 2008). In P. aeruginosa biofilms, the downregulation of the genes for catalase and superoxide dismutase, enzymes with antioxidant activity, significantly contributed to hypermutability (Driffield et al., 2008).
Mutational frequency in bacteria can be measured by subjecting the bacteria to different antimicrobial treatments, and then measuring changes in their viability by counting the colony forming units. This number is divided by the count of the untreated bacteria to get the mutation frequency (MF). Mutation Frequency values that are greater than 10-5 indicate the formation of hypermutator or hypermutable strains that survive the antimicrobial attack. The assessment of mutational frequency is important in the determination of the effectivity of an antibiotic. Higher MFs indicate that antibiotic resistance has developed in the bacteria under study. 
Double strand breaks in the DNA chain can lead to the production of 2’-deoxy-7, 8-dihydro-8-oxoguanosine (or 8-OHdG) which can pair with adenine making heritable permanent transversion (Shibutani et al., 1991). This has been shown in significantly higher levels of 8-OhdG in hypermutable P. aeruginosa isolates previously exposed to leukocytes compared to the reference strain (Ciofu et al., 2005). 
Bacteria employ the mismatch repair system or MMR to deal with mutations. The incorporation of 8-OhdG into the DNA strand is prevented through the action of the bacterial base excision enzyme MutM, and removal of 8-OhdG by MutT (Miller 1996). Another enzyme, MutY, is responsible for the removal of adenine residues that are incorporated to complement the oxidised guanine (Sampson et al., 2005). MutL and MutS, which correct the AT and GC mismatches in the DNA strand. Bacterial DNA easily mutates due to biased repair mechanisms, whereby AT and GC mismatches remain uncorrected due to mutations in the genes that encode MutL and MutS enzymes (Oliver et al., 2002). Mutations in these genes are implicated in the development of hypermutator bacterial phenotypes (Willems et al., 2003). Oxidative stress-induced hypermutable bacterial strains are resistant to antibiotic agents targeting the pathogen and making chronic infections difficult to treat (Ciofu et al., 2005, Prunier et al., 2003). Hypermutator strains are also implicated in the long-term persistence of infections and in the development of multiple drug resistance (Macia et al., 2005).
Antioxidants are compounds that reduce the levels of reactive oxygen species (ROS) that produce damage to biomolecules such as lipids, proteins, and DNA. Antioxidants act by upregulating the endogenous antioxidant defences, inhibiting cellular sources of ROS, and reacting with ROS to reduce reactive species. In this study, the antimutagenic properties of the antioxidant ascorbic acid were evaluated which was associated with increased cases of antibiotic resistance and bacteria mutator phenotypes. Non-enzymatic antioxidants react with reactive oxygen species and convert them to less toxic chemical species. 
The objective of this study was to measure the mutational frequencies of bacteria growing in different metals, antibiotics and antioxidants, and combinations of these factors. The aim was also to determine the effects of different combination of metals on bacteria using scanning electron microscope imaging.


3.2       Materials and methods
3.2	
3.2.1	Mutation frequencies of planktonic cultures in the presence of antibiotics

Mueller Hinton Agar plates with zero and 4x of the determined minimum inhibitory concentrations (MIC) of rifampicin, mupirocin and ciprofloxacin were prepared. Overnight bacterial cultures of S. aureus and P. aeruginosa were also prepared by suspending single cells in 9 ml Mueller Hinton Broth (MHB). The overnight bacterial cultures were then serially diluted by taking 45 µl of the culture and mixing it with 4.5 ml of saline to make 1:100 dilution. One hundred µl of the diluted overnight cultures were plated to the Mueller Hinton Agar plates with 4x MIC of the specific antibiotic. 
The test antibiotics used for S. aureus SH 1000 were mupirocin and rifampicin. The MIC of mupirocin was 0.125 μg/ml, while it was 0.0078 μg/ml for rifampicin. In the case of P. aeruginosa¸ the antibiotics tested were also rifampicin (MIC=32 μg/ml), and ciprofloxacin (MIC= 0.125 μg/ml). The bacterial cultures were further serially diluted by removing 45 µl of the previous dilution and adding to 4.5 ml of saline until a final dilution of 10-7 was attained. One hundred microliters of the 10-7 dilution were spread on antibiotic-free plates. One hundred microliters of the 10-7 dilution were also spread on nutrient agar plates to which have been added the required amount of antibiotics to achieve 4x MIC. All plates were incubated at 37°C. The bacterial colonies were counted after 48 hours. To obtain the mutation frequencies, the average bacterial counts on the antibiotic plates were divided over the bacterial count on bacteria growing in the antibiotic-free MHA plates.


3.2.2	Mutation frequencies of planktonic cultures in the presence of metals

Overnight bacterial cultures were prepared by suspending single cells in 9 ml MHB and 14 µl of the metal stock solution with concentration, so as to equal its previously determined metal MIC. Please refer to Table 3.1 for the metal MIC specific for S. aureus and P. aeruginosa. One hundred µl of the overnight culture was then plated to the antibiotic plates. The antibiotic plates were prepared as described in Chapter 3.2.2. The bacterial cultures were further serially diluted to a final dilution of 10-7. One hundred microliters of the 10-7 dilution were spread on antibiotic-free plates. All plates were incubated at 37°C. The bacterial colonies were counted after 48 hours. Mutation frequency was finally calculated using the formula for planktonic cultures grown in antibiotics.
3.2.3	Determination of mutation frequencies of biofilms 
The colony biofilm assay (Figure 3.1) was used to measure the mutational frequencies of bacteria in response to antibiotic, antioxidant, metal, and oxidant treatment. In this assay, a biofilm is developed on a semi-permeable membrane such as cellulose ester disc. This disc is allowed to sit on an agar plate, and transferred to another agar plate for additional nutrients or when the antibiotic or drug treatment is changed.
Cellulose ester discs with 0.22 µm pore size were purchased from Millipore and sterilized by autoclaving. After cooling, the discs were soaked overnight in buffer and were then inoculated with overnight bacterial cultures that have been diluted to an OD at 600 nm of 0.05. Three cellulose discs were placed carefully on the surface of brain heart infusion agar (BHI) for S. aureus and Iso-Sensitest agar for P. aeruginosa; the resultant plates were then  incubated at 37°C for 48 hours. Discs were then carefully removed and dipped in 4% human plasma in order to promote the adherence of bacteria to the membranes. After dipping, the membranes were placed  onto a new plate with brain heart infusion (BHI) media and Iso-Sensitest media then further incubated for 48 hours to allow for the establishment of biofilms. The discs were washed carefully with 10 ml of sterile saline after the prescribed period. Bacterial cells that were adherent to the cellulose disc were removed by incubating the discs in cellulase solution for 30 min at 37°C, and vortexing for 30 secs. The remaining bacterial suspension was centrifuged at 5000 x g for 10 minutes to obtain the pellet, which was then resuspended in 10 ml saline. 
Following the procedure for planktonic cultures, the suspensions of S. aureus SH1000 and P. aeruginosa PA01 were diluted with sterile saline to a final dilution of 10-7. One hundred µl of the neat MHB suspensions plated to antibiotic plates with 4x MIC, while 100 µl of 10-7 dilution were plated onto antibiotic-free plates. After 48 hours incubation at 37°C, the colonies were counted. The bacterial colonies counted from the 10-7 dilution gave the total viable count. 

Figure 3.1. A side view of the colony biofilm assay where a biofilm developed on a semi-permeable membrane placed on an agar plate using a selected antibiotic treatment. 
3.2.4	Determination of mutation frequencies of biofilms in the presence of metals, oxidant, and antioxidant






Table 3.1 Minimum inhibitory concentrations of antibiotics and metals for S. aureus and P. aeruginosa.













3.2.5	Determination of oxidative stress by quantification of double-strand breaks in the DNA

Double-strand breaks in the DNA occur in response to oxidative stress damage. They were quantified here using the OxiSelect™ Oxidative DNA Damage ELISA Kit (8-OHdG Quantitation) following the manufacturer’s (Cell Bio-Labs, Inc.) recommendations. The assay utilizes ELISA based on the specific interaction between 8-OHdG and its specific antibody. Briefly, DNA was extracted from the bacterial cells using a commercial kit (KeyPrep Spin Bacterial Genomic DNA Kit, Anachem Ltd., UK). One milligram of the DNA extract was dissolved in 1 ml nuclease-free water. One hundred thirty-five (35) µl of DNA sample was incubated at 95°C for 5 minutes and rapidly chilled on ice to convert it to single-stranded DNA. 15 µl of 200 mM sodium acetate, pH 5.2 and 5 units of nuclease P1 (Sigma N8630) were added to the tube containing the single-stranded DNA followed by two hours incubation at 37 0C. After adding 15 µl of 1M Tris, pH 7.5, and 5 units of alkaline phosphatase (Sigma P5931), tubes were incubated for  another hour at 37 0C. This was followed by centrifugation for 5 mins at 6000 x g. 
The supernatant was used for the 8-OHdG ELISA assay following the manufacturer’s recommended protocol. The standard solutions were also prepared by diluting 8-OHdG standard ranging from zero to 20 ng 8-OHdG/ml. Initial concentration of 20 ng/ml was achieved by diluting 10 µl of the standard with 990 µl distilled water. From this first solution, 500 µl was taken out and diluted with 500 µl of distilled water to get 10 ng/ml  of 8-OHdG. The same series of dilution was performed to obtain the concentrations of 5, 2.5, 1.25, 0.625, 0.313, 0.156, 0.078 ng/ml 8-OHdG. 
Duplicate DNA samples and the standard solutions were assayed for 8-OHdG. Fifty µl of the DNA samples and the 8-OHdG standard were added to the wells of the prepared plate. The plate was incubated for 10 minutes on an orbital shaker. After this period, 50 µl of the diluted anti-8-OHdG antibody was added to each well. Another hour of incubation with shaking followed. Microwell strips were washed three times with 250 µl wash buffer (supplied with the kit). Excess buffer was removed by blotting the plate with paper towels. 100 µl of secondary-antibody conjugate was added to all the wells followed by another hour of shaking. After washing the plate three times, 100 µl substrate solution previously warmed to room temperature was added to all wells, including the blank wells. The plate was then incubated at room temperature and watched for colour change in the wells. This took less than 30 minutes. The enzyme reaction was then stopped by adding 100 µl of the stop solution. The absorbance of each well was immediately read on an ELISA reader at 450 nm wavelength. 






3.3.1	Formation of biofilms on cellulose discs









3.3.2	Mutational frequencies of planktonic and biofilm cultures in media supplemented with heavy metals

The mutational frequencies (MF) of S. aureus in response to mupirocin (MUP) and rifampicin (RIF) showed that the mutational frequencies of the biofilms were significantly increased (Figure 3.3). Differences in mutational frequencies in response to antibiotics appear to indicate the sensitivity of the microorganism to the antibiotic. As shown earlier in this study, the minimum inhibitory concentration of mupirocin on S. aureus is higher than that of rifampicin. Rifampicin is therefore more effective in inhibiting S. aureus activity. The MF showed that mutator phenotypes had already developed because the MF was at 10-5, which was the threshold value for identifying mutator phenotypes.
A comparison of the mutational frequencies of the planktonic and biofilm cultures in response to the metal resulted in the formation of mutator phenotypes in the biofilm (Figure 3.4). In planktonic cultures grown in mupirocin plates, increases in mutational frequencies were observed regardless of the type of metal added. The mutational frequency was highest in the selenium-enriched medium, and lowest in germanium-enriched medium. In contrast, the rifampicin-germanium combination gave the highest MF overall showing that specific antibiotic-metal combinations will give different synergistic reaction to inhibit bacterial growth. Furthermore, the MF was much reduced in the lithium-rifampicin combination.
















P. aeruginosa biofilms exposed to ciprofloxacin showed higher mutational frequencies compared to those exposed to rifampicin only (Figure 3.5). Based on the actual values of the MF, biofilm MF was 24 x 103% higher in mupirocin, while in rifampicin plates, the increase in biofilm MF was 75 x 102%. 
Addition of the metals to the antibiotic-enriched culture significantly increased the MF (Figure 3.5). In planktonic cultures, the increase in MF due to the metal ranged from 110 to 208%. Bacteria grown on ciprofloxacin-metal combination showed a relatively higher increase in MF compared to those growing on rifampicin.
Biofilms showed significantly higher mutation rates the planktonic cultures. Ciprofloxacin-treated biofilms showed the highest mutation rates (Figure 3.6B). However, even in the absence of metals, the P. aeruginosa biofilm showed high mutation rates and development of hypermutator phenotypes (with MF equal to or more than 105); the addition of metals slightly increased the MF by two-fold.  























3.3.2	Mutational frequencies of planktonic and biofilm cultures in media supplemented with metals, an oxidant, and the antioxidant ascorbic acid

3.3.2.1. Mutational frequencies of bacteria in culture with antibiotics, metals, and hydrogen peroxide

Hydrogen peroxide (H2O2), an oxidant, was added to planktonic cultures in order to directly measure the effect of oxidant stress on the mutational frequencies of S. aureus and P. aeruginosa grown on cultures supplemented with 4x MIC of antibiotic and  metals (Figure 3.7). The interaction among antibiotic, H2O2, and metal significantly affected the mutational frequencies of S. aureus. Hydrogen peroxide alone slightly increased the mutational frequency of cultures in both rifampicin and mupirocin. In mupirocin enriched cultures, the addition of selenium increased the mutational frequency by 128% of the MF due to H2O2 alone. Only a 5% increase was attributed to the mupirocin-germanium-H2O2 combination. In contrast, lithium and ascorbic acid reduced the effect of the oxidant on the MF. Similar results were obtained with rifampicin.
The mutational frequencies of planktonic cultures of P. aeruginosa were differentially affected by hydrogen peroxide-antibiotic-metal/antioxidant combinations (Figure 3.7). Hydrogen peroxide and ciprofloxacin interacted to increase the mutation frequency to almost 800% of the bacteria growing on ciprofloxacin alone. Added selenium in the medium slightly increased the MF relative to H2O2-ciprofloxacin MF. This was slightly decreased with lithium and germanium. Interestingly, when ascorbic acid was added to the H2O2-ciprofloxacin treatment, the MF was 1000% higher than the original MF of the bacteria grown on ciprofloxacin alone. This indicates that in the case of P. aeruginosa, the ascorbic acid may have acted as a prooxidant. This is due to the high reducing power of ascorbic acid (Denisov and Afanasev, 2005). The same response was also observed when rifampicin replaced ciprofloxacin as the antibiotic. The significant increase in MF due to hydrogen peroxide was slightly reduced with the addition of all three metals. Similarly, ascorbic acid-hydrogen peroxide-mupirocin interaction also resulted in a mutational frequency that was similar to that obtained when only hydrogen peroxide and mupirocin were added to the culture media. This verifies the prooxidant action of ascorbic acid and shows that the reactive oxygen species produced by H2O2 where further increased by the action of ascorbic acid, resulting in higher oxidative stress, hence the large increase in MF by as much as 1000%.

3.3.2.2 Mutational frequencies of bacteria with antibiotic, metals, and antioxidant

The effect of ascorbic acid on mutational frequency of planktonic cultures of S. aureus and P. aeruginosa was also studied. In planktonic cultures, the addition of ascorbic acid alone to the antibiotic-enriched media did not affect the mutational frequency (Figure 3.8A). However, ascorbic acid increased the MF when lithium, germanium, and selenium were present in culture. This shows that ascorbic acid contributes to the increase in oxidative stress when metals are present in the culture medium. The interactive and synergistic effect of the ascorbic acid-metal-antibiotic warrants further study in order to understand how they contribute to the increase in mutation rates of bacteria. In contrast, in biofilm cultures of S. aureus, the mutational frequencies were reduced when ascorbic acid was added to the metal-enriched media. This means that biofilm growth can be significantly inhibited by antibiotic-antioxidant combination. It can be proposed that oxidative stress within the biofilm was decreased due to the antioxidant action of ascorbic acid, and that because of this, the biofilm bacteria were not able to mutate, and then antibiotic action was more effective resulting in lower levels of bacterial survival.


























3.3.2.3 Scanning electron microscopy imaging of bacteria exposed to metals and antioxidants

Images of the biofilm bacteria were taken using an electron microscope. These images are important to visualize the effect of metal and antioxidant on the bacterial cell integrity and structure. Figure 3.10 illustrates the different effects of ascorbic acid and germanium, lithium and selenium on the cell appearance. The basis for comparison here is Figure 3.10A which shows the biofilm grown in media that was supplemented with neither metal nor antibiotic. The appearance of the biofilm cells growing with selenium and selenium plus ascorbic acid was similar. Cells retained their coccal shapes and no apparent damage is observed. 
Adding lithium to the culture media resulted in the death and desiccation of some cells (Figure 3.10D). It can be seen that surface cells retained their shapes but the lower layer showed some cell debris. The addition of ascorbic acid led to the further dehydration of the cells and canal-like breaks on the biofilm surface (Figure 3.10E). In addition, more cells had disintegrated and clumped together.
Biofilms grown on germanium-enriched media were also affected by the metal. The effect was more adverse for cell structure compared to added lithium and selenium. The layer of surface cells was thinner, with more debris observed on the deeper portion of the biofilm. Ascorbic acid intensified the effect of germanium, since more cells appeared to be disintegrated under this treatment (Figure 3.10F).
Pseudomonas aeruginosa biofilms appeared to be significantly affected by metals and antioxidant action (Figure 3.11); P. aeruginosa being highly affected by selenium; the cells were clearly dead, and only cell debris can be seen. The rod-shaped bacterial cells were highly desiccated. Addition of ascorbic acid resulted in the survival of a few cells. With the addition of lithium only, all cells appeared to die, and only a polymeric matrix possibly part of the original biofilm can be seen (Figure 3.11D and E). Again, with antioxidants, some bacterial cells were able to survive.  








Figure 3.10. Scanning electron microscopy images for S. aureus strain SH 1000 biofilms in cellulose discs. Culture without metal and ascorbic acid (A), in selenium (B), selenium and ascorbic acid (C), lithium (D), lithium and ascorbic acid (E), germanium (F) and germanium and ascorbic acid (G). Magnification is 4000x.





3.3.3	  Quantification of oxidative stress damage
In this study, bacteria were grown under aerobic conditions which expose the cells to the different reactive oxygen species that cause oxidative stress, namely the hydroxyl radical (.OH), hydrogen peroxide and superoxide anion radical (O2-). Such conditions of stress are present in bacterial cultures, whether planktonic or biofilm, and result in ROS attacking the DNA resulting in the formation of 2’-deoxy-7, 8-dihydro-8-oxoguanosine (8-OHdG). When 8-OHdG pairs with adenine, transversion mutation occurs which is permanent and heritable (Shibutani et al., 1991). Defects in bacterial repair systems are blamed for the incorporation of 8-OHdG, increased variability and antibiotic resistance, and formation of hypermutator strains (Boles and Singh, 2008, Burmølle et al,. 2006, Willems et al., 2003).
Measurement of the amount of 8-OHdG present in a bacterial community is important because it can be used in studying the formation of hypermutators and increased antimicrobial resistance. To determine the concentration of 8-OHdG in planktonic and biofilm cultures of S. aureus and P. aeruginosa strains using the commercially available kit, a standard curve was constructed (Figure 3.12). Absorbance was seen to decrease with increases in 8-OHdG concentration. As 8-OHdG concentration is increased, there is more binding with the anti-8-OHdG antibody, hence there was less 8-OHdG free in solution, which results in decreased absorbance readings.
Staphylococcus aureus planktonic cells possess low concentrations of 8-OHdG which did not differ significantly even when selenium, germanium, lithium and ascorbic acid (AS) were added to the culture media. In combination of metal and ascorbic acid, the planktonic cultures did produce 8-OHdG (Figure 3.13A). However, the 8-OHdG concentrations of biofilms were significantly higher in media with the metals and ascorbic acid. It is interesting to note that the addition of ascorbic acid to biofilm produced the highest amount of 8-OHdG which increased by more that 6-fold compared to control biofilm. When ascorbic acid was added to media with metals, the 8-OHdG values dropped significantly. Colony variants of S. aureus showed a similar 8-OHdG content as the planktonic control, which tends to verify their dormant phenotype.






































4.1.1	Formation of colony variants 
Phenotypic diversification is a strategy that bacteria employ when they are under stress or when they compete for the nutrients and resources necessary for continued growth. Phenotypic adaptations were seen to lead to the production of small, slow-growing, colony variants but which are prevalent in recurring and persistent infections. Diseases associated with small colony variants include cystic fibrosis (Kahl et al.,1998), sepsis (Acar et al., 1978), soft tissue infection, and osteomyelitis (Proctor et al., 1995). Others thought to be attributed to persistence of small colony variants are arthritis, sinusitis, and brain abscess (Kahl et al., 1998).
 In P. aeruginosa, bacterial diversification is a survival strategy where the altered colony morphologies are observed (Kirisitis et al., 2005). Interestingly, colony variants are isolated more in biofilms.  Colony variants that are small, rough and highly cohesive compared to the wild type have been isoloated from Pseudomonas aeruginosa PAO1 biofilms (Kirisitis et al., 2005, Deziel et al., 2001).  Compared to the wild type the variants aggregate together in liquid culture, more strongly adhere to the  solid surface,  less motile, and more hydrophobic. Moreover, when the variants were cultured separately, they formed more biomass with better three dimensional structure. 
The formation of small, rough colony variants of P. aeruginosa has been reported in many research articles and spontaneous appearance of these variants occurs with the cultivation of biofilms under static liquid cultures (Deziel et al., 2001). Similar to later observations, these variants were highly adherent and autoaggregated in liquid cultures. However, the variants were impaired in chemotaxis, and showed defective swarming, swimming and twitching motilities; in addition, such variants showed differences in other phenotypic traits. 
Further study showed that colony variants were observed when P. aeruginosa was grown in biofilms from two days to one week (Boles et al., 2004). With increasing biofilm growth, more colony variants were formed (Boles et al., 2004). It was proposed that the colony variants were produced as a consequence of phase variation (Deziel et al., 2001).
Small colony variants have long been isolated in S. aureus colonies, in association with antibiotic resistance and persistent infections such as cystic fibrosis (Besier et al., 2007, Kahl et al., 2003a, Kahl et al., 2003b). These variants are slow growing morpologically deviant from the normal S. aureus phenotype. These small colony variants exhibit tiny, nonhemolytic, and nonpigmented colonies. They also show altered expression of virulence genes, persistence under in vitro systems, and are dependent on certain factors such as thymidine, hemin, and/or menadione that when supplied will result in the reversion of the variants to the normal phenotype   (Kahl et al., 2003b).
4.1.2.  Functional diversity in colony variants
﻿Further tests to determine  the factors influencing formation of colony variants show that there existed functional  diversity which is hyporthesized to increase the ability of biofilms to resist and survive environmental stress (Boles et al., 2004). The self-generated diversity by bacteria is proposed to be a form of biological form of insurance against adverse environments.  The observation that the phenotypes were heritable points to genetic changes in the bacterial DNA (Boles et al., 2004), in direct opposition to previous observations that the variants could switch to the parental form (wild-type) with ease when the culture conditions were varied (Deziel et al., 2001). Indeed, genotyping experiments have shown that colony variants isolated from patients with cystic fibrosis show increased expression of certain genes such as those involved in polysaccharide production (pel and psl), motility functions, and carbohydrate metabolism (Starkey et al., 2009).
4.1.3.  Colony variants, antibiotic resistance and hypermutator phenotypes

Colony variants are often found in P. aeruginosa isolated from patients with cystic fibrosis where mixed species biofilm infection is blamed for the persistence of the disease. Colony variants from cystic fibrosis patients and those isolated from laboratory grown biofilms were similarly small and wrinkled and showed a high capacity to form biofilms (Starkey et al., 2009). Higher levels of increased production of exospolysaccharides lead to antibiotic tolerance, and reduced immunogenicity which contribute to difficulty in treatment and biofilm persistence in lungs of cystic fibrosis patients (Starkey et al., 2009).
Staphylococcus aureus bacteria are often found in cystic fibrosis patients together with Pseudomonas aeruginosa strains. As with observations in P. aeruginosa infections, small colony variants have long been reported in Staphylococcus aureus strains isolated from patients with cystic fibrosis (Kahl et al., 1998). These variants exhibit smaller colonies, but also show less pigmentation and hemolysis, which are attributed to the variant’s dependency on thymidine and menadione. These auxotrophisms result in deficiency in iron and ultimately, defects in the electron transport. Other infections attributed to the presence of small colony variants resulted in the failiure of therapy, despite surgery and long-term antibiotic use. Aside from cystic fibrosis, antibiotic resistance in diseases such as sepsis (Acar et al., 1978), soft tissue infection, osteomyelitis (Proctor et al., 1995),  arthritis, sinusitis, and brain abscess (Kahl et al., 1998) have all been attributed to small colony variants and biofilm infection. Even in patient with implantable medical devices, small colony variants have been isolated from biofilms that have colonized the metal devices (Sendi et al., 2006).  
The development of small colony variants is attributed to genetic changes that result in the different phenotypes. Due to the observation that the presence of small colony variants result in chronic and difficult-to-treat infections even with prolonged and high levels of antibiotics, the hypermutabilities of these variants were determined. A study of the thymidine-dependent small colony variant of S. aureus showed that the various mutations in the thymidylate synthase gene responsible for thymidine dependence pointed to the hypermutability of the colony variants (Besier et al., 2008). Aside from the hypermutator phenotype of the thymidine-dependent small colony variants, it was also shown that these variants were more resistant to antibiotics like rifampin, ciprofloxacin, erythromycin, and gentamicin, compared to the typical or wild-type colony. In addition, it was found that there were truncations and frameshift mutation in mutS and mutL genes which are involved in DNA mismatch repair system (Besier et al., 2008). The mutation in mutS gene in was also observed in phenotypic variants of P. aeruginosa. Frameshift mutations were hypothesized to be responsible for increased antibiotic resistance and the emergence of invasive small colony variants (Smania et al., 2004). The hypermutator phenotype thus confers resistance to antibiotics, and prolonged persistence of the disease.
4.2	Methodology

4.2.1	Formation of colony variants in response to metals, and ascorbic acid and metal combinations  in culture media

Colony variants were identified by growing the test strains S. aureus SH1000 and P. aeruginosa PA01 in 4x the minimum inhibitory concentration (MIC) of metals (selenium, germanium and lithium), and 1x that of the MIC for the antioxidant ascorbic acid. The culture media were supplemented with the following combinations: Se, Li, Ge and ascorbic acid alone, and ascorbic acid and metal combined. The planktonic bacteria were grown in the respective culture media for twenty-four hours. 
Bacterial biofilms were grown on 0.22 µm pore size cellulose ester discs which have been pre-sterilized in an autoclave, cooled and soaked overnight in phosphate buffered saline. After the overnight soaking, the cellulose discs were inoculated with an overnight bacterial culture with optical density of 0.05 at 600 nm. After drying, the membranes the discs were placed on the surface of   brain-heart infusion media for S. aureus, and Iso-sensitest for P. aeruginosa. The plates were incubated at 37°C for 48 hours. The discs were then removed and dipped in 4% human plasma to promote bacterial adherence. The cellulose membranes were then placed on a new plate and incubated for 48 hours in order to allow the biofilms to establish. 
The discs were then washed with 10 ml of sterile saline to obtain the biofilm non-adherent cells. The wash was carefully collected and diluted to a final bacterial cell dilution of 10-7 cells/ml. 
The washed discs were incubated in cellulase solution for 30 min at 37°C. This mixture was then vortexed for 30 seconds to remove the biofilm-adherent cells from the cellulose disc. The resulting bacterial suspension was centrifuged to obtain the bacterial pellet which was then resuspended in 10 ml saline. Several dilutions were then made to a final dilution of 10-7 cells. One hundred µL of the neat MHB suspensions were plated to MHA. The same dilution was carried out for P. aeruginosa cells, which were then plated to MHA agar. After 48 hours incubation at 37°C, the colonies were counted. The bacterial colonies counted from the 10-7 dilution gave the total viable count.
Sample colonies of the bacterial cells (planktonic, biofilm-adherent and biofilm non-adherent cells) were also picked off and streaked onto new replicated plates. The colonies were then observed for morphological variants like white colonies, pale colonies and other coloured, and irregularly shaped colonies. The total number of colonies and colony variants were counted. Single cells of the observed variants were isolated, multiplied and characterized. Colony variants were finally transferred to nutrient agar plates for characterization of their phenotypic properties and 16S rDNA sequences. 

4.2.2	Bacterial motility of colony variants
In order the test the motility of the colony variants, plates with 1% tryptone, 0.5% NaCl, and 0.3%  Bacto agar were prepared. Bacterial cultures of the colony variants and non-variants were inoculated on the agar. Plates were observed for growth and turbidity. The presence of turbidity indicated that the bacteria were motile.
4.2.3	Catalase test
The catalase test was performed to detect the presence of the enzyme catalase in bacteria. Catalase is involved in processes leading to cellular detoxification of the bactericidal and oxidative action of hydrogen peroxide. The test employs 3% hydrogen peroxide for routine testing of bacteria. 
A microscope slide was placed inside a Petri dish. Then a small amount of bacteria from an 18- to 24-hour colony was picked off using a sterile inoculating loop, and was placed on the microscope slide. One drop of 3% H2O2 was positioned on top of the bacterial cells. The slide was immediately covered by replacing the Petri dish lid. The immediate formation of bubble (O2 + water = bubbles) was observed and recorded. Immediate bubble formation indicated a positive reaction or the presence of the catalase enzyme. 

4.2.4	Coagulase test
The coagulase test measures the ability of coagulase-containing bacteria to coagulate blood. This capability to coagulate blood is an inherent property of S. aureus strains. The test was performed using the standard slide test. A suspension of bacterial cells was placed on a slide and mixed with rabbit plasma that was pre-treated with ethylenediaminetetraacetic acid (EDTA). The presence of coagulase the bacterial cells will produce cell-clumping,which is clearly visible to the naked eye.
4.2.5	Oxidase test
The oxidase test is a biochemical assay for the presence of cytochrome oxidase, an enzyme involved in the antioxidant action. The assay employs a colorimetric reaction wherein the colourless substrates N,N,-dimethyl-p-phenylenediamine oxalate and -naphthol react in the presence of cytochrome oxidase produce the indophenol blue, which is a deep purple blue. The oxidase test is used to differentiate Gram-negative bacteria.
The oxidase test kit (Sigma-Aldrich, UK) was purchased. The kit came with oxidase test discs in which the required reagents have been incorporated. A colony was spread with an inoculating loop on the oxidase disc. The reaction (colour change) was observed for 2 minutes. A deep blue purple colour indicated an oxidase positive organism.
4.2.6	Mutational frequencies of the colony variants
The determination of the mutational frequencies of the colony variants was performed only on planktonic cultures. The objective was to compare their mutational frequencies with those of the wild-type bacteria (as presented in Chapter 2).
Overnight bacterial cultures were prepared by suspending single cells in 9 ml MHB and 14 µl of the metal and metal-ascorbic acid stock solutions. The concentrations of the stock solutions equalled the previously determined metal MIC (Table 4.1). One hundred µl of the overnight culture was then plated to nutrient agar plates. The remaining cultures were further serially diluted to a final dilution of 10-7 cells/ml. One hundred microliters of the 10-7 dilution were spread on antibiotic plates containing 4x of previously determined MIC. Antibiotics used for S. aureus were mupirocin and rifampicin, while for P. aeruginosa the antibiotics used were ciprofloxacin and rifampicin. Bacteria not grown in metals were plated to antibiotic plates too and served as control. All plates were incubated at 37°C. The bacterial colonies were counted after 48 hours. Mutational frequency was calculated by dividing the average bacterial counts from bacteria previously grown on metal/ metal-antibiotic concentration with the untreated bacteria colony forming units.

Table 4.1 Minimum inhibitory concentrations of metals used determination of mutational frequencies of S. aureus and P. aeruginosa colony variants. 




Ascorbic acid	0.6250 mg/ml	1.250 mg/ml


4.2.7	Biofilm forming capacity of the colony variants 
Overnight cultures of the selected variants were produced by growing cells on nutrient broth. Bacterial cells were then streaked on tryptic soy agar (Difco) plates using a standard wire loop for inoculation. The formation of single well-isolated colonies was ensured by repeated streaking from the original streak made. Plates were then incubated overnight at 37°C.  After overnight period, an isolated colony was selected and picked off and then inoculated into a sterile culture tube with 3 ml of tryptic soy broth. The cultures were then incubated at overnight with shaking at 37°C. Inocula for biofilm growth were prepared by diluting the cultures 1:100 in tryptic soy broth supplemented with 1% glucose. 
Two hundred microliters of the inocula was transferred to a well of a sterilized 96-well assay plate. Each well has an approximate composition of 5 x 106 cells. Three replicates were used for each strain and metal, metal-antioxidant combination. The 96-well plates were then covered with foil. The plates were then incubated at 37°C without shaking to ascertain that static culture conditions were met.
After 48 hours, the covers of the plates were removed and the optical density at 600 nm was determined with a multiwall plate reader. After determining the OD, the liquid culture from each well was discarded, and the non-adherent bacterial cells were removed by washing the wells with 200 µl deionised water. This was done at least three times. Care was taken during the washing step in order to protect and preserve the structure of the biofilm that was adhering to the bottom of the well. The biofilms were fixed by incubating the washed plates at 60°C for a minimum of one hour.
After fixing, the biofilms were ready for staining. The biofilms were stained by adding to each well 50 µl of 0.06% (w/v) crystal violet dissolved in deionised water. After at least 5 minutes incubation with the stain any excess crystal violet was removed by repeated washing with 200 µl of deionised water; washing was done until the wash solution became clear. 




Bacterial DNA was required for the determination of double strand breaks, and for the sequencing of the coding region of the 16S rRNA. A commercial kit, the KeyPrep Spin Bacterial Genomic DNA Kit, (Anachem Ltd., UK) was used to extract bacterial DNA. All steps for both S. aureus and P. aeruginosa were similar except for the cell lysis step. In the case of S. aureus, the bacterial cells were not lysed by the lysozyme that was provided in the kit, hence a lysis solution was formulated for S. aureus. The following components were included in the S. aureus lysis solution: 0.5  ml of  lysozyme (with 5000 units per ml), 0.5 ml lysostaphin (with 500 units per ml),   0.2 ml of 0.5M EDTA, 0.1 ml of 1M Tris buffer and 8.7 ml deionised water. 
Pure cultures of S. aureus SH1000 and P. aeruginosa PA01 were grown overnight on Luria-Bertani broth. To extract the DNA, the bacterial cells were first centrifuged at 6,000 ×g for 2 minutes. After centrifugation, the supernatant was decanted, and the DNA pellet was re-suspended in 100 μL Buffer R1 (provided in the kit). After complete suspension of DNA, 10-20 μl of lysozyme (50mg/ml) was added to the suspension. After the addition of lysis solution, the bacterial suspensions were incubated for twenty minutes at 37°C. This was followed by centrifugation at 1000×g for 3 minutes. The pellet was recovered and mixed with 180μl of Buffer R2 and 20 μl of Proteinase K. After mixing thoroughly, samples were incubated in a shaking water bath set at 65°C for 20 minutes. Buffer BG (410 µl) was then added to the sample, mixed thoroughly and incubated at 65 °C for 10 minutes. Two hundred microliters of absolute ethanol were then added into the DNA suspension, mixed carefully, and poured into a column with a collector tube. This was centrifuged at 10,000 x g for 1 minute. After discarding the supernatant, 750 μl of wash buffer was gently added to the column and centrifuged at 10,000 x g for 1 minute. This step was repeated to remove the residual ethanol. A sterile microcentrifuge tube collected the clean DNA after adding 100 μl of preheated elution buffer directly into column membrane, standing the column for 2 minutes at room temperature, followed by centrifugation at 10,000 x g for 1 minute. The microcentrifuge tube received the eluted DNA which was stored at -20°C before use. The purity of the extracted DNA was finally checked using a 1% agarose gel electrophoresis. 

4.2.9	Quantification of oxidative stress of bacterial phenotypes

Colony variants are formed in response to stress environments, including oxidative stress (Boles and Singh 2008). Hence, the possibility that colony variants have double strand breaks in its DNA was investigated. The double-strand breaks were quantified using the ™ Oxidative DNA Damage ELISA Kit (8-OHdG Quantitation) by  following the manufacturer’s (Cell Bio-Labs, Inc.) recommendations. 
One milligram of the bacterial DNA was dissolved in 1 ml nuclease-free water. The DNA was converted to single-strand DNA by incubating 135 µl of DNA sample at 95°C for 5 minutes followed by rapid chilling on ice. Fifteen µl of 200 mM sodium acetate, pH 5.2 and 5 units of nuclease P1 (Sigma N8630) were added to the tube containing the single-stranded DNA followed by two hours incubation at 37°C. After adding 15 µl of 1M Tris, pH 7.5, and 5 units of alkaline phosphatase (Sigma P5931), tubes were incubated for a further hour at 37 °C. The mixture was centrifuged for 5 mins at 6000 x g . The supernatant was used for the 8-OHdG ELISA assay following manufacturer’s recommended protocol. 




4.2.10	Changes in coding region for  16S rRNA in colony variants
In order to amplify the DNA region which codes for 16S ribosomal RNA (rRNA), 2 μl of the DNA served as a template in the polymerase chain reaction using the forward primer 5'-CCGAATTCGTCGACAACAGAGGATCCTGGCTCAG-3', and 
reverse primer 5'- CCCGGGATCCAAGCTTACGGCTACCTTGTTACGACTT-3' (Weisburg et al., 1991). The PCR mix components were 38 μl distilled water, 5.0 μl 10x buffer, 2.5 μl 50 mM MgCl2 ,0.5 μl each of 10 mM forward and reverse primers, 1.0 μl dNTPs, 2.0 μl genomic DNA template and 0.5 μl (or 2.5 units) Taq polymerase. The PCR cycle was as follows: initial denaturation, 94°C, 3 min; 40 cycles of denaturation, 94°C, 1 min; annealing, 60°C, 1 min; elongation, 72°C, 5 min. Final elongation was at 75°C for 5 min. 
PCR products were visualized by agarose gel electrophoresis. 10 μl of PCR product plus 2 μl of loading dye were loaded on 1% agarose gel. The molecular size standard was 6 μl of 1 kb Hyper ladder. After verifying the presence of the desired bands, 10 µl of the DNA stock were sent for sequencing to the Core Genomic Facility of the School of Medicine, Dentistry and Health of the University of Sheffield. The sequences obtained were manually cleaned with FinchTV 1.4.0 (Geospiza, Inc.; Seattle, WA, USA; http://www.geospiza.com). The homologs of the sequences that were obtained were searched using the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) on http://blast.ncbi.nlm.nih.gov/Blast.cgi (​http:​/​​/​blast.ncbi.nlm.nih.gov​/​Blast.cgi​).




4.3.1	Formation of colony variants in response to metals in culture media
The exposure of bacterial colonies to the addition of metals and metal-ascorbic acid combinations to the culture broth resulted in the formation of white colony variants of S. aureus and pale colony variant for P. aeruginosa. These variants were isolated and grown in culture broth supplemented with the different metals and ascorbic acid-metal combination.
In S. aureus bacteria grown without metal and ascorbic acid, white colony variants were isolated; most of these cells were found to be adherent to the biofilm (Figure 4.1). On the other hand, the wild-type colonies were mostly planktonic in nature, with only a ten-fold decrease in the number of biofilm-adherent and non-adherent cells. Although there was an overall decrease in the number of planktonic wild-type bacteria when they were grown in metal alone, the number of biofilm adherent cells of colony variants was increased, implying that metals in growth media will decrease overall growth of planktonic and biofilm cultures, but does not deter the production of colony variants. The highest number of variants was observed when selenium was added to the media, validating again the mutable effects of selenium on bacterial cells. 
Interestingly, the number of biofilm adherent S. aureus wild-type cells increased with the addition of ascorbic acid. However, when only ascorbic acid was in culture, no colony variants were formed. The addition of metals led to the production of colony variants in the biofilm. Again, there were no colony variants produced in the non-adherent cells. These results show that metal-ascorbic acid combination increase biofilm formation in S. aureus. 
More of biofilm-adherent cells were formed by P. aeruginosa in the presence of metals and metal-ascorbic acid combination (Figure 4.2). Regardless of treatment, the highest cell growth was observed on biofilm adherent cells of both the wild-type and pale colony variants. The addition of ascorbic acid generally decreased the level of biofilm formation, but increased the number of planktonic cells. Ascorbic acid seemed to have a stimulating effect on P. aeruginosa growth. 
Colony variants were formed in all cultures, which implies that P. aeruginosa cells naturally produce colony variants, and hence are highly responsive to stress conditions as previously reported (Boles et al., 2004). 





















4.3.2	Characterization of colony variants using bacterial tests
The colony variants that were isolated from the biofilm adherent cells were multiplied in culture and were characterized for their phenotypes using standard tests. It must be noted that the colony variants were isolated from 48-hour old cultures.
Staphylococcus aureus variants where white, which is a deviation from its original golden, light yellow colour (Figure 4.3). However, except for the changes in size and colour, there were no other differences observed based on the standard tests conducted. Tests for S. aureus variants were the coagulase test and catalase test. No motility test was conducted for S. aureus; however, the colonies were streaked on agar plates to show that they are indeed non-motile (Figure 4.4). The tests for the catalase and coagulase enzymes also gave positive results (Figure 4.5). These show that the phenotype of the S. aureus variants were similar to that of the typical cells of the wild-type bacterium. 






































Figure 4.8. Results of the oxidase test for P. aeruginosa wild-type and pale variant cells are shown in the discs marked with blue. Yellow-marked disc represent  the negative control.


4.3.3	Mutational frequencies of the colony variants
The mutational frequencies of the colony variants were measured using the standard assay. To attain a valid comparison, the variants were first grown in culture broth with the different test metals selenium, germanium, and lithium. These were then transferred to nutrient agar plates containing mupirocin (MUP), and rifampicin (RIF) for S. aureus and ciprofloxacin (CIP) and rifampicin (RIF) for P. aeruginosa. Control plates were streaked with colony variants that have not been grown in metal-supplemented nutrient broth.
Results show that the colony variants of both bacterial species were hypermutators due to the large mutational frequencies that were calculated based on the growth of bacteria previously treated with metal relative to the growth of the control colonies. In antibiotic control plates where bacteria that have not been exposed to metals where grown, the mutation frequency was already high and indicates the formation of hypermutator strains. This shows that the colony variants of S. aureus were already hypermutators, possible in response to biofilm conditions. The S. aureus variant colonies grown in control plates and those exposed to germanium and lithium have similar MFs (Figure 4.9). The highest mutation rate was obtained from the variant colony that was exposed to selenium before being grown on mupirocin. The second highest MF was that of the same variant grown in rifampicin. Overall, the results show that exposure to either lithium or germanium does not increase the MF of the variants.
The MF values of S. aureus were greater than 10-5 indicative of the formation of hypermutator or hypermutable strains that survive the metal and antimicrobial attacks. This means that growth in metal increased ten thousand times relative to its growth in the broth that was not supplemented with metal. The formation of hypermutators indicates the development of resistant bacteria phenotypes after exposure to the metal and the antibiotic. 
















4.3.4	Biofilm forming capacity of the colony variants
The capacity of the colony variants to form biofilm was determined and compared to other bacterial cells that were previously grown in culture with selenium, germanium, lithium, ascorbic acid, and combinations of the metals and ascorbic acid. S. aureus cells that were isolated from bacteria  growing in germanium, lithium, ascorbic acid in combination with selenium, germanium and lithium showed higher biofilm-forming capacity compared to those previously grown in selenium alone (Figure 4.10A). Ascorbic acid, white colony and the wild-type S. aureus cells showed similar biofilm formation. 
P. aeruginosa cells also showed a similar trend, but those cells previously treated with germanium  showed the lowest amount of biofilms formed; pale colony variants formed slightly more biofilms than the wild-type cells.












4.3.5	Quantification of oxidative stress of bacterial phenotypes
Based on the data on the degree of hypermutation in the colony variants, it was necessary to measure the degree of double strand breaks in the DNA of the colony variants. This is based on the premise that the biofilm conditions were such that oxidative stress could be present resulting in cell variability, antibiotic resistance, and formation of hypermutator strains (Boles and Singh, 2008, Burmølle et al., 2006). 
Double strand breaks in the DNA chain can lead to the production of 2’-deoxy-7, 8-dihydro-8-oxoguanosine or 8-OHdG), which pair with adenine thus making transversion mutations permanent and heritable (Shibutani et al., 1991). The degree of double strand breaks in the DNA is directly proportional to the amount of 8-OHdG present in a bacterial community.
Staphylococcus aureus planktonic cells have low concentrations of 8-OHdG which did not differ significantly even when selenium, germanium, lithium and ascorbic acid (AS) were added to the culture media (Figure 4.11). In the combination treatment of metal and ascorbic acid, the planktonic cultures did not produce any 8-OHdG. On the other hand, the biofilm cultures showed high concentrations of 8-OHdG when metal and ascorbic acid was added. However, adding ascorbic acid to the metal solution resulted in significantly lower amounts of 8-OHdG. Colony variants of S.aureus showed a similar 8-OHdG content as the planktonic control. This means that there was less oxidative stress affecting the DNA of S. aureus cells. The low level of 8-OHdG in the colony variant could indicate that the variant has a dormant phenotype and a cellular structure that does not allow for changes in bacterial DNA.









4.3.6	Genetic diversity analysis by observing for changes in 16S rDNA









After the sequences were obtained, the DNA sequence regions that were clean and free from ambiguous stretches were cut and aligned using Clustal Omega on the website of the European Bioinformatics Institute. The expected size of the 16S ribosomal RNA is approximately 1500 bases. In this study, the size of the PCR product for the 16S rDNA was approximately 1200 bases. However, when the sequencing results came out, there were many base overlaps and uncertain base readings (please refer to sequence chromatograms in Appendix Figures 1-4). The alignments using the forward primer were selected because they gave the most consistent readings. The regions that were selected for the sequence analysis comprised approximately a third of the total number of expected bases (around 500 bases). This number of bases used for the homology search and alignment was sufficient to show that there were changes in 16 S rDNA region The appendix can be referred to for the chromatograms for the sequences. 
The alignments of the coding regions for 16S rRNA showed that there were some differences in the nucleotide sequences of wild-type and colony variants   of S. aureus (Figure 4.13). There were a few base deletions, and substitutions on the DNA sequence of the wild-type cells. These sequences were subjected to Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) to find the nearest homologs. The wild-type colony 16S rRNA sequence shared the highest homology with Staphylococcus aureus subsp. aureus strain S33 R 16S ribosomal RNA (GenBank accession number NR_037007). On the other hand, the change in the gene sequence for the 16S rRNA was evident when the white colony showed highest homology with Staphylococcus hominis subsp. hominis strain DM 122 16S ribosomal RNA (GenBank accession number NR_036956).  The max ident value was 99% for these two genes, while the max ident for the 16S ribosomal RNA of the white colony and the Staphylococcus aureus subsp. aureus strain S33 R was only 96%. 
Pseudomonas  aeruginosa 16S rRNA gene for the wild-type and pale colonies aligned perfectly showing no changes in the nucleotides sequences (Figure 4.14). After performing the BLAST analysis, the wild-type sequence matched 99% of Pseudomonas aeruginosa strain DSM 50071’s 16S ribosomal RNA (Mohana et al., 2007) (Figure 4.15). There were a few differences in these sequences (in bold red font).
The results of this part of the study showed that the colony variants of S. aureus were more mutable than the colony variants of P. aeruginosa. Possibly, the length of time for the biofilm to develop could have affected the mutation of DNA. In this study, the growth period of the bacterial biofilm was only for 48 hours, which was long enough for S. aureus to mutate, but not enough for P. aeruginosa.







































Diseases that are caused by bacterial infections have become more difficult to cure and eradicate even with the use either of advanced antibiotics, used singly or in combination with other antibiotics. Many factors contribute to the above problems.  First is the increase in bacterial antibiotic resistance which arises as a result of  the increased adaptability of bacteria, which is manifested by their ability to alter their DNA sequences through mutation, such that the antibiotic targets are altered. Secondly, bacteria easily form biofilms with structures and the resultant mixture of species that further increase the difficulty for the antibiotics to penetrate individual cells. In addition, bacteria are highly mutable, especially when exposed to conditions that they perceive to be stressful. The action of antibiotics causes stress, and thus they mutate to combat this. In the biofilm, the presence of a large population of bacterial cells results in the depletion of nutrients, and resultant oxidative stress. As a result, bacteria either enter the dormant stage, or produce mutation in response to the oxidative stress in the biofilm. These dormant cells and mutant colonies tend to be survivors and are more resistant to antibiotic compounds.
The widespread occurrence and prevalence of antibiotic resistant bacteria emphasises the need to search for other compounds that could act as antibacterial agents. Among the agents which can be used for added protection against bacterial infection are different kinds of antioxidant compounds having the ability to quench reactive oxygen species. Studies on the interaction between antioxidants and bacterial species have been the subject of several researches (Cushnie and Lamb, 2011, Lutsenko et al., 2002, O'May, and Tufenkji, 2011). Metals are another group of elements that have possible roles in eradication of bacteria (Yasuyuki et al., 2012, Deidda et al., 1997). Certain metals are used in medical devices because they inhibit bacterial adherence which can lead to biofilm formation (Tran et al., 2009). 
At least three metals have also been used in history as health supplements and to treat  a number of medical conditions. These are lithium, selenium and germanium, which are used both independently and in combination with antibiotics, and antioxidants (Pietka –Ottlik et al., 2009, Van Dyke et al., 1989, Kucharz et al., 1988, Lieb, 2007). Results described in this thesis show that selenium, lithium, and germanium inhibited the growth of bacterial species S. aureus, P. aeruginosa, and E. coli. However, among the three metals, selenium had the most inhibitory effect on bacterial growth, while lithium had the least antibacterial action. The viability of bacteria after overnight culture in nutrient broth was also generally decreased with increasing concentration of the metal. Again, selenium was the most lethal to the bacterial strains used. Interestingly, lithium increased cell viability up to a certain concentration. Germanium in media consistently reduced cell viability. From these observations, a complex interaction appears to be present among metal type, metal concentration, and bacterial species. 
 With respect to the effect of specific antibiotics, baseline information was first gathered by comparing their antimicrobial action on planktonic and biofilm mode of growth. The results verified what has long been recognized, namely that antibiotics are less effective on bacterial biofilms compared to planktonic cells. When the test strains were exposed to the three test metals selenium, germanium and lithium it was shown that different metal concentrations were needed to inhibit the growth and ultimately kill the bacteria. Some metals such as tin and titanium have been reported not to have any antibacterial properties (Yasuyuki et al., 2010). However, in this study, it was also shown that biofilm bacteria were killed by the addition of metals 1.25 mg selenium and 2.5 mg each of germanium and lithium per millilitre of culture media. This concentration is equal to the concentration of ascorbic acid (1.25 mg ml-1 of culture media) that is effective against biofilms of P. aeruginosa and S. aureus.
Scanning electron microscopy was an effective means in visualizing the different effects of the metals on the bacterial structure. Growing the bacteria with the different metals resulted in bacterial cell damage and dehydration. Cells clumped together and formed bacterial aggregates and P. aeruginosa cells lost their rod shape especially when exposed to selenium. Metal accumulation is known to result in the disruption of the bacterial cell wall and other cell components (Yasuyuki et al., 2010). In the studies reported here, metals could have probably damaged bacterial cell membranes and facilitated the leakage of cytoplasmic constituents.   
Among the three metals, lithium appeared to have the least effect on cell structure. Although this validates the earlier observations that lithium had the least inhibitory effect on bacterial growth, the length of exposure to lithium could be a factor for the weaker inhibitory effect. However, extending the exposure to metal could ultimately kill even bacterial biofilms (Harrison et al., 2004). Despite reports that metal tolerance depends on the interaction between strain and the metal (Van Dyke et al., 1989, Slawson et al., 1992), extending the exposure time to metals does not appear to allow biofilms to develop metal resistance (Harrison et al., 2004). 
The effect of metal, antibiotic, bacterial strain, and oxidative stress on the increase in bacterial mutation rates was also investigated in the work reported here. Antibiotics increased the mutational frequencies of both P. aeruginosa and S. aureus biofilms. Regardless of the antibiotic used, the mutational frequencies were higher in biofilms, indicating that greater oxidative stress is present in biofilms. Mutator phenotypes develop readily in biofilms, compared to planktonic cultures. Bacteria that were first grown in metal-supplemented media, and then exposed to antibiotics showed higher mutation frequencies than the control treatment that was not exposed to metal. Again, it was shown here that the interaction between the metal and the antibiotic used affected the mutation rates differentially. In S. aureus biofilms, the mutator phenotype was formed even when grown on antibiotic alone; growing bacteria in selenium doubled the mutation rate. Selenium when used alone has a lethal effect on bacteria; therefore, survivors from the selenium-enriched culture media could already have developed mechanisms that allowed them to survive even after antibiotic exposure. On the other hand, the low inhibitory effect of lithium and germanium could not have been sufficient to induce mutation even after antibiotic exposure. However, even in the absence of metals, the P. aeruginosa biofilm showed high mutation rates and the development of hypermutator phenotypes (with MF equal to or more than 105). Compared to S. aureus, germanium gave the highest MF but the difference in MF among metal-treated and control P. aeruginosa cultures was not very striking, implicating that P. aeruginosa was not as sensitive to metals as S. aureus. 
The addition of hydrogen peroxide, as an oxidant, also affected the MF. However, addition of ascorbic acid, and lithium reduced this MF attributed to hydrogen peroxide addition. In P. aeruginosa, the addition of ascorbic acid increased the mutation frequency, which could mean that when hydrogen peroxide is present it (ascorbic acid) could have acted as prooxidant, thereby increasing the number of reactive oxygen species present. This conclusion was further strengthened when ascorbic acid-metal-antibiotic interaction resulted in higher mutational frequencies in P. aeruginosa. However, this was not true for biofilm cultures of S. aureus where mutational frequencies were reduced following the addition of ascorbic acid to metal-enriched media. 
From image analysis, it was verified that the synergism between antioxidant and metal differed with the metal used and the bacterial strain under study. Metal and antioxidant generally both cooperated in destroying cell structure and in most of the cases killing the bacteria. These observations point to the capacity of the antioxidant to prevent the formation of reactive oxygen species, remove or prevent oxidative stress, and prevent mutation in bacterial DNA, which all make the bacteria susceptible to the antibacterial effects of the metals used. 
Measurements of the actual damage due to oxidative stress showed that significant increases in the concentration of 8-OHdG were only measured in biofilms. Addition of ascorbic acid to the S. aureus biofilm proved stressful resulting in increased 8-OHdG, however, adding metals reduced the stress, probably due to its killing effect. In contrast, P. aeruginosa cultures, whether planktonic or biofilm, did not exhibit any oxidative stress damage regardless of the any additional antioxidant or metal. 
The study on the colony variants reported here showed that these phenotypic variants are produced in biofilms, and that these are highly adherent cells. The variants were not morphologically similar to their wild-type counterparts, but they were shown to have similar properties with respect to the basic traits that are tested in bacteria such as presence of catalase, coagulase, and oxidases. However, compared to wild-type colonies, the planktonic cells of the variants were hypermutator phenotypes; and have relatively high mutation rates when compared to wild type cells. The sequencing result for the 16S rDNA or the genomic DNA region that codes for 16S rRNA differed for the two strains used. While the sequences of the wild-type and colony variant of P. aeruginosa were 100 percent homologous, the sequences of wild-type and colony variant of S. aureus showed several changes (mutations, deletions and insertions). The differences in the sequences imply that the high mutability of S. aureus  resulted from its ability to rapidly mutate when exposed to external factors.
This results presented in this study also show that the metals selenium, lithium, and germanium possess differing degrees of antimicrobial action. Among these three metals, selenium has the most lethal effect when it is used alone. The antimicrobial activity of metals could be enhanced with prolonged exposure or when used in combination with antioxidants. However, this antimicrobial effect does not prevent the bacteria from mutating and forming colony variants that are highly adherent and easily form hypermutator phenotypes that are difficult to eradicate. However, as the study observed, the synergism between metal and antibiotic can effectively kill the bacteria. Biofilms that are more difficult eradicate can be inhibited by the combination of metal-antibiotic-antioxidant.
The observed significant interaction among metal, antibiotics and antioxidants imply that these interactions can be exploited in the medical field, where increased antibiotic resistance of clinically important diseases is becoming more challenging and difficult to control. This study shows that certain metals, such as selenium, lithium and germanium can kill bacteria, when these are administered in optimum doses either singly or when used in combination with certain antibiotics and antioxidants. Selenium, lithium and germanium are potent inhibitors of bacterial growth and proliferation when given in doses that are harmful to bacteria but not in human patients. Furthermore, these metals can be used to coat medical devices used in routine treatment, and as part of the decontamination of surfaces of hospital rooms and laboratories to prevent the adherence of harmful bacteria. 
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Appendix 1. Bacterial strains used
The bacterial strains used were Staphylococcus aureus strain SH1100, Psuedomonas aeruginosa strain PA01 and Escherichia coli.
Appendix 2.  Preparation of solutions 
Antibiotics
Mupirocin and ciprofloxacin were dissolved in a solution of 50% water and 50% ethanol. The stock solution of rifampicin was prepared with 50% water and 50% dimethyl sulfoxide. 
Antioxidant
The antioxidant used was L-ascorbic acid (Fisher Scientific). Four hundred (400) mg of L-ascorbic acid was dissolved in 5 mL of water to make a stock solution of 80 mg/ml. 
Phosphate-buffered saline
Phosphate buffer saline tablets (Oxoid Limited) were dissolved in distilled water at the ratio of 1 tablet for every 100 mL water to produce phosphate buffered saline (PBS) solution. 
Citrate buffer
Two hundred mL of 0.5 M citric acid (Sigma-Aldrich) and 250 mL of sodium citrate (Fisher Scientific) were mixed to form 0.5 M citrate buffer. The resulting solution was autoclaved. 0.05 M citrate buffer was prepared by adding 50 mL of 0.5 M citrate buffer to 450 mL water.

Appendix 3. Preparation of culture media and enzymes
Culture media
Mueller-Hinton Broth (MHB), Mueller-Hinton Agar (MHA), and Brain Heart Infusion (BHI) Agar were purchased from Oxoid Limited and were prepared according to the manufacturer’s recommendations
Human plasma (4%)
Four mL of human plasma (normal pooled) (Sera Laboratories International) was mixed with with 96 mL 0.05 M carbonate-bicarbonate buffer. The preparation was stored at -20°C.
Cellulase solution






Appendix Table 1.  Values for the zone of inhibitions produced by different bacterial strains when exposed to different concentration of metals in culture media. (Reference for Figure 2.2).
Concentration of metal (mg/ml)	Zone of inhibition (mm)













Appendix Table 2. The growth of the different bacterial strains cultured in nutrient broth supplemented with varying concentration of the metal sources of selenium, germanium, and lithium. (Reference for Figure 2.3)
Concentration of metal (mg/ml)	Growth (cfu/ml)













MUPIROCIN	1.85 x 10-07	3.92 x 10-06





Appendix Table 4. Effect of heavy metals on the MF of (A) planktonic cultures and (B) biofilm cultures of S. aureus SH1000. (Reference for Figure 3.4).
Antibiotic	Mutational Frequencies
Planktonic Cells	X (Control)	Se	Ge	Li
MUPIROCIN	1.85 x 10-07	5.42 x 10-07	3.88 x 10-07	4.6 x 10-07
RIFAMPICIN	1.35 x 10 -07	3.27 x 10-07	6 x 10-06	2.03 x 10-07
Biofilms				
MUPIROCIN	1.837 x 10 -05	3.8 x 10 -05	2.06 x 10 -05	1.81 x 10 -05
RIFAMPICIN	1.65 x 10 -05	2.93 x 10 -05	1.88 x 10 -05	1.77 x 10 -05


Appendix Table 5. Mutational frequencies (MF) of P. aeruginosa PA01 planktonic cultures and biofilms in the presence of ciprofloxacin (CIP) and rifampicin (RIF) antibiotics. (Reference for Figure 3.5).
Antibiotic 	Mutational Frequencies
	Planktonic	Biofilm
CIPROFLOXACIN	1.62 x 10-07	3.92 x 10-06






Appendix Table 6. Effect of heavy metals on the mutational frequencies of planktonic cultures (A) and (B) biofilm cultures of P. aeruginosa PA01. (X is control). (Reference for Figure 3.6).
Antibiotic	Mutational Frequencies
Planktonic  	X (Control)	Se	Ge	Li
CIPROFLOXACIN	1.62 x 10-07	3.37 x 10-07	3.1 x 10-07	2.9 x 10-07
RIFAMPICIN	3.49 x 10-07	6.23 x 10-07	5.7 x 10-07	3.9 x 10-07
				
Biofilms				
CIPROFLOXACIN	2.78 x 10-05	3.12 x 10-05	3.05 x 10-05	3 x 10-05
RIFAMPICIN	1.86 x 10-05	2.53 x 10-05	3.02 x 10-05	2 x 10-05


Appendix Table 7. The effect of addition of H2O2 on the mutational frequencies of planktonic cultures of S. aureus in media supplemented with the metals Se, Ge and Li.
Antibiotic	Mutational Frequencies
	Control	H2O2	 +Se	 +G e	 +Li	 +As
MUPIROCIN	1.85 x 10-07	2.53 x 10-07	5.76 x 10-07	2.66 x 10-07	1.15 x 10-07	1.60 x 10-07




Appendix Table 8. The effect of addition of H2O2 on the mutational frequencies of planktonic cultures of P. aeruginosa in media supplemented with the metals Se, Ge and Li.
Antibiotic	Mutational Frequencies
	Control	H2O2	+Se	+Ge	+Li	+As
CIPROFLOXACIN	1.62 x 10-08	1.29 x 10-07	1.48 x 10-07	1.08 x 10-07	1.08 x 10-07	1.68 x 10-07
RIFAMPICIN	3.49 x 10-08	2.15 x 10-07	1.60 x 10-07	1.34 x 10-07	1.61 x 10-07	2.20 x 10-07

Appendix Table 9. The effect of added ascorbic acid (AS) on the mutational frequencies of planktonic and biofilm cultures of S. aureus in media supplemented with the metals Se, Ge and Li.
Antibiotic	Mutational Frequencies
Planktonic 	X (Control)	AS	AS+Se	AS+Ge	AS+Li
MUPIROCIN	1.85 x 10-07	1.90 x 10-07	3.70 x 10-07	3.75 x 10-07	5.61 x 10-07
RIFAMPICIN	1.35 x 10-07	1.73 x 10-07	1.57 x 10-07	6.76 x 10-07	7.70 x 10-07
Biofilms					
MUPIROCIN	1.84 x 10-05	1.55 x 10-06	1.19 x 10-06	1.27 x 10-06	1.31 x 10-06
RIFAMPICIN	1.65 x 10-05	1.61 x 10-06	1.41 x 10-06	1.57 x 10-06	1.77 x 10-06





Appendix Table 10. The effect of added ascorbic acid (AS) on the mutational frequencies of planktonic and biofilm cultures of P. aeruginosa in media supplemented with the metals Se, Ge and Li.
Antibiotic	Mutational Frequencies
Planktonic Cells	X (Control)	AS	AS+Se	AS+Ge	AS+Li
CIPROFLOXACIN	1.62 x 10-07	1.23 x 10-07	1.86 x 10-07	1.95 x 10-07	1.66 x 10-07
RIFAMPICIN	3.49 x 10-07	4.41 x 10-07	3.46 x 10-07	2.43 x 10-07	2.15 x 10-07
Biofilms					
CIPROFLOXACIN	2.78 x 10-05	2.72 x 10-07	4.28 x 10-07	3.24 x 10-07	2.41 x 10-07
RIFAMPICIN	1.86 x 10-05	7.46 x 10-07	1.40 x 10-07	6.60 x 10-07	2.24 x 10-07
















Appendix Table 12. Type and number of colonies and variants formed after exposure of S. aureus SH1000 to metals and ascorbic acid. 
Treatment	Phenotype	Planktonic	Biofilm-adherent cells	Biofilm-non adherent cells
Control 	All colonies	2 x 109	2 x 108	2 x 107
	White colonies	0	2 x 107	0
Se 	All colonies	1 x 109	1 x 108	1 x 108
	White colonies	0	1 x 108	0
Li 	All colonies	1 x 109	2 x 108	7 x 107
	White colonies	0	4 x 106	0
Ge 	All colonies	5 x 108	2 x 108	8 x 107
	White colonies	0	7 x 106	0
AS 	All colonies	5 x 108	2 x 109	7.E+07
	White colonies	0	0	0
AS+Se 	All colonies	2 x 108	3 x 109	2 x 108
	White colonies	0	1 x 107	0
AS+Li 	All colonies	2 x 108	2 x 109	2 x 107
	White colonies	0	1 x 107	0
AS+Ge 	All colonies	3 x 108	2 x 109	2 x 108






Appendix Table 13. Type and number of colonies and variants formed after exposure of P. aeruginosa PA01 to metals and antioxidant (ascorbic acid). 
Treatment	Phenotype	Planktonic	Biofilm-adherent cells	Biofilm-non adherent cells
Control 	All colonies	3 x 108	1 x 109	3 x 107
	Pale colonies	0	8.E+07	0
Se 	All colonies	2 x 108	9 x 108	2 x 107
	Pale colonies	0	9 x 107	0
Li 	All colonies	2 x 108	8 x 108	2 x 107
	Pale colonies	0	5 x 107	0
Ge 	All colonies	2 x 108	8 x 108	2 x 107
	Pale colonies	0	9.E+07	0
AS 	All colonies	6 x 108	7 x 108	6 x 107
	Pale colonies	0	6 x 107	0
AS+Se 	All colonies	5 x 108	7 x 108	6 x 107
	Pale colonies	0	5 x 107	0
AS+Li 	All colonies	5 x 108	6 x 108	6 x 107
	Pale colonies	0	4 x 107	0
AS+Ge 	All colonies	5 x 108	7 x 108	6 x 107






Appendix Table 14. The mutational frequency of colony variants of S. aureus and P. aeruginosa in antibiotic plates as affected by their exposure to metals in culture medium.
Strain	Antibiotic	Mutational Frequencies
		X (Control)	Se	Ge	Li
S. aureus	MUPIROCIN	1.57 x 10-5	2.94 x 10-5	1.56 x 10-5	1.37 x 10-5
	RIFAMPICIN	1.42 x 10-5	1.98 x 10-5	1.48 x 10-5	1.32 x 10-5
P. aeruginosa	CIPROFLOXACIN	1.81 x 10-5	2.16 x 10-5	1.72 x 10-5	1.9 x 10-5




Appendix Table 15. The  comparison of the biofilm forming capacity of colony variants and bacteria exposed to metal, antioxidant and metal-antioxidant combination. 




















Appendix Figure 1. Screen shot of the chromatogram for wild-type S. aureus 16S rDNA sequence using forward primer.

Appendix Figure 2. Screen shot of the chromatogram for white colony variant S. aureus 16S rDNA sequence using forward primer.

Appendix Figure 3. Screen shot of the chromatogram for wild-type P. aeruginosa 16S rDNA sequence using forward primer.






Appendix Figure 5. Screenshot of the BLAST results for the search for the 16S rRNA homologues of nucleotide sequence obtained for wild-type P. aeruginosa.

Appendix Figure 6. Screenshot of the BLAST results for the search for the 16S rRNA homologues of nucleotide sequence obtained for wild-type  S. aureus.
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